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ABSTRACT 
The Brachyura comprise approximately 7000 species and belong to the most diverse groups 
of the decapods. The variability of their morphological traits is reflected in the male copulatory and 
the female reproductive systems that make them a challenging object of investigation. Numerous 
studies addressed the brachyuran phylogeny but complete and unambiguous results have yet to be 
presented. Still, even though it has been controversially debated, some studies still rely on the division 
of Brachyura into the Podotremata, the Heterotremata and the Thoracotremata (the latter two 
forming the Eubrachyura) that is based on the position of the male and female gonopores. In this 
work, the male copulatory and female reproductive systems of four species from three eubrachyuran 
groups were investigated. For an overview of the structures, the species were photographed with a 
digital microscope. In the first and the second study, the gonopods were µCT-scanned and 3D-
reconstructed to analyse their internal morphology, including the position of muscles and tegumental 
glands. Additionally, in all studies scanning electron microscopy was used in order to obtain 
information about the surface structures of the gonopods. All investigations of the female system 
were conducted using approved histological methods and light microscopy. In the first and second 
study, this detailed structural analysis was complemented by 3D-reconstruction in order to attain a 
conception of the positional relationships of the system as a whole within the body. 
The first study examines Mithraculus sculptus (Lamarck, 1818) and Stenorhynchus seticornis (Herbst, 1788) 
from the heterotreme group Majoidea. Representatives of this group have been intensely studied and 
hypotheses concerning the structure of the seminal receptacle and a velum as a muscular diaphragm 
that divides two chambers within it, influenced the conception of eubrachyuran reproduction for 
decades. The two majoid species were investigated to complement to the growing knowledge of 
eubrachyuran reproductive systems. Additionally, it is the intent of this study to re-evaluate the 
interpretation of the velum and to assess its value for future studies. The male gonopods are similar 
in their general morphology and in the distribution of setae. The tubular first gonopod is longer than 
the short and stout second gonopod. The general structure of the female reproductive system of M. 
sculptus and S. seticornis is the same as in other Eubrachyura. It consists of paired ovaries, oviducts, 
seminal receptacles and vaginae. In contrast to the prevailing hypothesis, a division of the seminal 
receptacle into two separate chambers was not observed and the velum might be a character which 
needs to be re-evaluated.  
The second study examines Percnon gibbesi (H. Milne Edwards, 1853) from the thoracotreme group 
Percnidae. The position of the Percnidae is ambiguous. They are probably nested within the 
polyphyletic Grapsoidea. This study aims to provide comparable characters of the copulatory and 
reproductive systems of a thoracotreme species in order to find consistencies and differences to 
heterotreme species. The first gonopod of the male copulatory system is longer than the second 
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gonopod. Its bent terminal process with a terminal ejaculatory canal opening is a character that is 
present in other grapsoid species. The female reproductive system reveals a new combination of 
characters in thoracotremes. The oviduct runs into a separate cuticular duct that transits into the 
vagina. A direct transition of the oviduct into the seminal receptacle as in other Eubrachyura is absent. 
Additionally, a bursa that has previously only been described in heterotreme crabs, is connected to 
the vagina. These morphological characters reveal a higher diversity of thoracotreme reproductive 
systems than anticipated. 
The third study examines the copulatory and reproductive system of Limnopilos naiyanetri Chuang and 
Ng, 1991 from the group Hymenosomatidae. The position of the Hymenosomatidae has been 
controversially debated for a long time. They have been argued to be a heterotreme group, possibly 
closely related to the Majoidea. However, the male gonopores have a sternal position, which is a 
thoracotreme apomorphy. The results are compared with both, data of heterotreme and 
thoracotreme systems in order to find character states that support an affiliation with either one of 
the groups. In males, the first gonopod is longer than the second gonopod and the gonopore is 
sternal. The combination of both characters resembles the thoracotreme condition. In the female 
reproductive system, the seminal receptacle is lined by a mono-layered glandular epithelium and by a 
very thin cuticle that is continuous with the vagina. Additionally, a bursa is present. Thus, both 
systems indicate that Hymenosomatidae are most likely part of the Thoracotremata.  
The results of these studies are evaluated in comparison with the existing literature in order to define 
characters of the male copulatory and female reproductive system and discuss their potential for 
phylogenetic investigations. Additionally, an evolutionary scenario of the transformations of the 
herein proposed character states of the female reproductive system is discussed. Without additional 
information from the female reproductive system, the gonopod morphology is valuable to identify 
species affiliations to certain groups but remains inconclusive for large-scale brachyuran phylogeny. 
The last decades brought an increasing number of detailed investigations of the eubrachyuran female 
system. Some of the characters found in these studies can explicitly be assigned to heterotreme or 
thoracotreme females (for example the pattern and distribution of tissue in the seminal receptacle, 
the position of the oviduct transition into the seminal receptacle and the shape of the vagina). The 
proposed scenarios suggest, that some, if not all of these characters probably have evolved multiple 
times. In future studies, it needs more strong efforts and the utilisation of modern technology and 
new approaches to promote the knowledge of these diverse, unique and most beautiful structures in 
order corroborate the assumptions and reasoning of this study.
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ZUSAMMENFASSUNG 
Die Brachyura umfassen etwa 7000 Arten und bilden eine der vielfältigsten Gruppen 
innerhalb der Decapoda. Die Variationsbreite ihrer morphologischen Merkmale spiegelt sich in den 
männlichen Kopulations- und den weiblichen Reproduktionssystemen wider und machen sie zu 
einem herausfordernden Untersuchungsgegenstand. Obwohl sich zahlreiche Studien mit der 
Phylogenie der Brachyura befasst haben, fehlen weiterhin vollständige und eindeutige Ergebnisse. 
Trotz der kontroversen Diskussion der Phylogenie der Brachyura, stützen sich manche Studien 
weiterhin auf deren Teilung in die Podotremata, die Heterotremata und die Thoracotremata (die 
beiden letzteren bilden die Eubrachyura), die auf der Position der männlichen und weiblichen 
Gonoporen basiert. In dieser Arbeit wurden die männlichen Kopulations- und weiblichen 
Reproduktionssysteme von vier Arten aus drei Gruppen der Eubrachyura untersucht. Für einen 
Überblick über die Strukturen wurden die Arten mit einem digitalen Mikroskop fotografiert. Zur 
Analyse ihrer inneren Morphologie, einschließlich der Position der Muskeln und der 
Tegumentaldrüsen, wurden die Gonopoden in der ersten und zweiten Studie ƺCT-gescannt und 3D-
rekonstruiert. Zusätzlich wurden in allen Studien rasterelektronenmikroskopische Untersuchungen 
angewendet, um Informationen über die Oberflächenstrukturen der Gonopoden zu erhalten. Alle 
Untersuchungen des weiblichen Systems wurden mit bewährten histologischen Methoden und 
Lichtmikroskopie durchgeführt. In der ersten und zweiten Studie wurde diese detaillierte 
Strukturanalyse durch 3D-Rekonstruktion ergänzt, um eine Vorstellung von den Lagebeziehungen 
des Gesamtsystems im Körper zu erhalten. 
Die erste Studie untersucht Mithraculus sculptus (Lamarck, 1818) und Stenorhynchus seticornis (Herbst, 
1788) aus der heterotremen Gruppe Majoidea. Vertreter dieser Gruppe wurden intensiv untersucht 
und Hypothesen über die Struktur des Receptaculum seminis und eines Velums in Form einer 
muskulären Scheidewand, welches dieses in zwei Kammern teilt, beeinflusst Konzepte zur 
Reproduktion der Eubrachyura seit Jahrzehnten. Die zwei majoiden Arten wurden untersucht, um 
das wachsende Wissen der eubrachyuren Fortpflanzungssysteme zu ergänzen. Darüber hinaus ist es 
die Absicht dieser Studie, die Interpretation des Velums neu zu bewerten und für zukünftige Studien 
einzuschätzen. Die männlichen Gonopoden sind in ihrer Morphologie und in der Verteilung der 
Setae ähnlich. Der röhrenförmige erste Gonopod ist länger als der kurze und stämmige zweite 
Gonopod. Die allgemeine Struktur des weiblichen Reproduktionssystems von M. sculptus und S. 
seticornis stimmt mit der in anderen Eubrachyura überein. Es besteht aus paarigen Ovarien, Ovidukten, 
Receptacula seminis und Vaginen. Im Gegensatz zu der vorherrschenden Hypothese, wurde eine 
Teilung des Receptaculum seminis in zwei getrennte Kammern nicht beobachtet, wodurch eine 
Neubewertung des Velums als Merkmal erforderlich wird. 
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Die zweite Studie untersucht Percnon gibbesi (H. Milne Edwards, 1853) aus der thoracotremen Gruppe 
Percnidae. Deren phylogenetische Position innerhalb der Thoracotremata ist nicht geklärt, liegt aber 
wahrscheinlich innerhalb der polyphyletischen Graposidea. Diese Studie soll vergleichbare Merkmale 
der Kopulations- und Reproduktionssysteme einer thoracotremen-Art diskutieren, um 
Übereinstimmungen und Unterschiede zu heterotremen Arten zu finden. Der erste Gonopod des 
männlichen Kopulationssystems ist länger als der zweite Gonopod. Sein gebogener terminaler 
Prozess mit einer terminalen Öffnung des Ejakulationskanals ist auch in anderen Arten der 
Grapsoidea vorhanden. Das weibliche Fortpflanzungssystem zeigt eine neue Merkmalskombination 
innerhalb der Thoracotremata. Der Ovidukt mündet in einen separaten kutikulären Gang, der in die 
Vagina übergeht. Ein, wie in anderen Eubrachyura üblich, direkter Übergang des Ovidukts in das 
Receptaculum seminis ist nicht vorhanden. Außerdem ist eine Bursa, welche bisher nur bei 
heterotremen Krabben beschrieben wurde, mit der Vagina verbunden. Diese morphologischen 
Merkmale zeigen eine größere Vielfalt von thoracotremen Reproduktionssystemen als erwartet. 
Die dritte Studie untersucht das Kopulations - und Reproduktionssystem von Limnopilos naiyanetri 
Chuang und Ng, 1991 aus der Gruppe Hymenosomatidae. Die Position der Hymenosomatidae wird 
seit langem kontrovers diskutiert. Es wurde argumentiert, sie sei eine heterotreme Gruppe, die 
möglicherweise eng mit den Majoidea verwandt ist. Die männlichen Gonoporen sind jedoch sternal 
positioniert, welches eine thoracotreme Apomorphie darstellt. Die Ergebnisse werden sowohl mit 
Daten von heterotremen als auch von thoracotremen Systemen verglichen, um Merkmalszustände 
zu finden, die eine Zugehörigkeit zu einer der Gruppen unterstützen. Bei den Männchen ist der erste 
Gonopod länger als der zweite Gonopod und die Gonopore ist sternal. Die Kombination beider 
Merkmale weist auf den thoracotremen Zustand hin. Im weiblichen Fortpflanzungssystem ist das 
Receptaculum seminis von einem einlagigen glandulären Epithel und einer sehr dünnen Kutikula, 
welche in die Vagina übergeht, ausgekleidet. Zusätzlich ist eine Bursa vorhanden. So weisen beide 
Systeme darauf hin, dass Hymenosomatidae höchstwahrscheinlich Teil der Thoracotremata sind. 
Die Ergebnisse dieser Studien wurden in Zusammenhang mit der vorhandenen Literatur interpretiert, 
um Merkmale des männlichen Kopulations- und weiblichen Reproduktionssystems zu definieren und 
deren Potenzial für phylogenetische Untersuchungen zu diskutieren. Außerdem wird ein evolutives 
Scenario bezüglich der Transformation der hier vorgeschlagenen Merkmalszustände des weiblichen 
Reproduktionssystems diskutiert. Die Gonopoden sind wertvoll, um Artenzugehörigkeiten zu 
Brachyurengruppen zu identifizieren, sind aber für Untersuchungen großskaliger 
Brachyurenphylogenie ungeeignet. In den letzten Jahrzehnten wurden vermehrt detaillierte 
Untersuchungen des weiblichen Reproduktionssystems der Eubrachyura durchgeführt. Einige der 
Merkmale, welche in diesen Studien dargestellt wurden, können ausschließlich heterotremen oder 
thoracotremen Weibchen zugeordnet werden (z.B. das Muster und die Verteilung von Gewebe im 
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Receptaculum seminis, die Position der Oviduktmündung in das Receptaculum seminis und die Form 
der Vagina). Die vorgeschlagenen Szenarien deuten darauf hin, dass einige, wenn nicht alle dieser 
Charaktere mehrfach entstanden sind.  
In zukünftigen Studien braucht es große Anstrengungen und den Einsatz moderner Technologien 
und neuer Ansätze, um das Wissen über diese vielfältigen, einzigartigen und schönsten Strukturen 
voran zu treiben, um die Annahmen und Begründungen dieser Studie zu untermauern. 
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1       | INTRODUCTION 
1.1    | THE BRACHYURA 
Crabs (Brachyura) are among the most diverse and intensely studied groups of decapods (Ng 
et al., 2008; Davie et al., 2015b). Representatives of the Brachyura were able to colonise almost every 
marine habitat but also some terrestrial environments and their impressive evolutionary radiation 
resulted in a greater number of species (ca. 7000) than in any other decapod group (Ng et al., 2008; 
Davie et al., 2015b). The morphology of the Brachyura is enormously diverse. As a derived condition 
from a long-tailed, lobster-like ancestral body shape, a process called carcinisation caused the 
disparate habitus of brachyurans (Scholtz, 2014; Keiler et al., 2017). It is amongst others represented 
by their great size range, an enormously variable body shape and in some cases the dorsal flexion of 
the last pair of legs in order to hold, for example, sponges or shells for camouflage reasons (Davie et 
al., 2015a). But most importantly, carcinisation resulted in a reduced pleon that is tightly folded under 
the thorax, which was interpreted as a key factor for the success of the Brachyura (Ng et al., 2008; 
Davie et al., 2015a). However, Scholtz (2014) pointed out that the crab-shape cannot be considered 
advantageous to other body organisations because evolutionary success is not only a matter of species 
number but must be considered from an ecological and functional context as well. Still, the pleon in 
the Brachyura is no longer used for locomotion and is sexually dimorphic. In males, it is slender and 
covers the paired gonopods (first and second pleopods), whereas in females, it is broad and supports 
the protection of reproductive organs as well as the nursery of fertilised eggs. This brings advantages, 
including the ability to inhabit the great variety of ecological niches as it made the brachyuran 
reproduction less dependent on aquatic habitats (even though at a certain stage the larvae must enter 
water for some time) (McLay & Becker, 2015). 
1.1.1  | OBJECT OF INVESTIGATION 
The reproductive systems of male and female Brachyura have been subject of many studies 
throughout the last decades (Spalding, 1942; Cronin, 1947; Hartnoll, 1968; Beninger et al., 1988; 
Diesel, 1989; Beninger et al., 1991; Diesel, 1991; Minagawa et al., 1994; Lanteigne et al., 1996; Sainte-
Marie & Sainte-Marie, 1998; Brandis et al., 1999; López-Greco et al., 2009; Lautenschlager et al., 2010; 
Becker et al., 2011; Becker et al., 2012; Pardo et al., 2013; Zara et al., 2014; Ewers-Saucedo et al., 
2015; Vehof et al., 2016; Becker & Scholtz, 2017; de Souza et al., 2017; Farias et al., 2017; Kienbaum 
et al., 2017; Pardo et al., 2017; Vehof et al., 2017; Antunes et al., 2018; Ocampo et al., 2018; Vehof et 
al., 2018; Kienbaum et al., 2018a; Kienbaum et al., 2018b). The diversity and divergence of the 
reproductive characters make them an intriguing object of investigation. Studies of these structures 
focused on ecological aspects such as seasonal changes in combination with reproductive strategies 
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that are important for fishing economy and conservation strategies of economically important species 
(Armstrong, 1988; Bawab & El-Sherief, 1988; Sainte-Marie & Lovrich, 1994; Hines et al., 2003). They 
have also been investigated in various other contexts, such as, copulatory behaviour, sperm 
competition or cryptic female choice (Diesel, 1986, 1991; Sainte-Marie & Lovrich, 1994; Jensen et al., 
1996; Jivoff, 1997; Cobo, 2002; Sal Moyano & Gavio, 2012; Castilho-Westphal et al., 2013; Klaus et 
al., 2014). Studies of eubrachyuran females also focused conceptually on morphological aspects of 
the internal initiation of fertilisation and sperm storage through moult that are unique within 
crustacean reproduction (McLay & López-Greco, 2011). Additionally, brachyuran reproductive 
systems have also come into the focus of phylogenetic studies (Guinot, 1977; Jamieson et al., 1995; 
von Sternberg & Cumberlidge, 2001). 
Today’s availability of modern non-invasive techniques, such as, µCT-scans and 3D-reconstruction 
and their use in combination with well-established methods, such as, scanning electron microscopy 
and histology facilitate the study of the brachyuran reproductive system in greater morphological 
detail than previously possible. The data obtained by such a multi-methodological approach yields a 
thorough understanding of these systems and promises to help contemplating about the value of 
these structures for phylogenetic studies.  
THE MALE COPULATORY SYSTEM 
The transformation of the paired first and second pleopods into gonopods in male 
brachyurans resulted in a unique copulatory system (Fig. 1.3). The paired first and second gonopods 
(G1, G2) enable the precise placement of sperm within the female system.  
Depending on the species investigated, the G1 consists of three or two podomeres (Beninger et al., 
1991; Tsuchida & Fujikura, 2000; Benhalima & Moriyasu, 2001; Sal Moyano et al., 2011; Vallina et 
al., 2014). Although some studies suggest that the distal podomere represents the endopod (Shen, 
1935; McLay & Becker, 2015), it remains speculative. Therefore, protopod or endopod will not be 
used. Instead, proximal, middle or distal podomere adequately describe these structures. The 
elongation and tubulation of the distal podomere of the G1 creates an ejaculatory canal with one 
proximal opening and one at the tip.  
There are only few data on the G2 but it also seems to comprise three or two podomeres (Beninger 
et al., 1988; Tsuchida & Fujikura, 2000; Benhalima & Moriyasu, 2001). A tendency towards a 
reduction of these three podomeres in species deeply nested within the brachyuran tree has been 
suggested (Guinot et al., 2013; McLay & Becker, 2015). The G2 is in most cases inserted into the 
proximal opening of the distal podomere of the G1 and comes to lie within the ejaculatory canal (Fig. 
1.3). It can be short and is in this case positioned within the proximal area of the distal podomere of 
the G1 (Fig. 1.3c). Alternatively, it can have an elongated distal podomere, which runs through the 
²



                




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The ovaries are H-shaped and run as two strands along the length of each side of the body. Both 
strands are connected through a bridge ventral to the heart (de Souza & Silva, 2009). The oocytes 
originate within the germinative zone of the ovaries. Afterwards they develop through different stages 
within the maturation zones. Mature oocytes are transported into the oviduct. As an extension of the 
ovaries, the oviduct connects them with the seminal receptacle (Kienbaum et al., 2017: chapter 2). 
The capability to store sperm even beyond the next moult is given by different tissues that show 
secretory activity and line the seminal receptacle. The latter has a sac-like appearance that can expand, 
depending on the amount of sperm stored within. The oocytes meet the spermatozoa within the 
seminal receptacle. Therefore, the initiation of fertilisation is internal in eubrachyuran females (McLay 
& López-Greco, 2011; but see Vehof et al., 2018). 
In addition to the secretory tissue, the seminal receptacle is lined to different degrees by cuticle. This 
cuticle-lined area is continuous with the vagina. The vagina can be either round or crescent-shaped 
in cross section (Hartnoll, 1968). Musculature that is connected to the sternum is attached all around 
the vagina (round shape) or to its concave wall (crescent shape). It probably supports the enlargement 
of the vagina lumen during copulation and oviposition (Hartnoll, 1968; Kienbaum et al., 2018b: 
chapter 4). From the seminal receptacle, the oocytes are transported to the outside via the vagina. 
Both, vagina and its outermost part, the vulva are cuticle-lined and continuous with the 6th sternite, 
where the gonopore is situated. Female brachyurans carry their eggs under the broad pleon and 
practice brood care by grooming and ventilating them with oxygen (Baeza & Fernández, 2002; McLay 
& Becker, 2015). 
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1.1.2| WHAT WE (DO NOT) KNOW ABOUT THE PHYLOGENY OF EUBRACHYURA 
A full review on the existing literature of eubrachyuran phylogeny is beyond the scope of 
this work. However, some information on the later discussed eubrachyuran groups is indispensable 
for a better understanding of the status quo.  
The taxon Brachyura was established by Latreille in 1802, and since then numerous changes in its 
nomenclature and classifications have been made (Davie et al., 2015b). Guinot (1977) proposed a 
system that divided the Brachyura into three groups, based on the position of gonopores (genital 
openings) (Fig. 1.1). The division into the Podotremata (with coxal gonopores in males and females), 
the Heterotremata (with coxal gonopores in males and sternal gonopores in females) and the 
Thoracotremata (with sternal gonopores in males and females) found wide acceptance, as it was 
convenient and promised to bring clarity into a by then very confusing system. Only shortly after, de 
Saint-Laurent (1980) united the Heterotremata and Thoracotremata in a monophyletic Eubrachyura 
based on the position of the female gonopore on the 6th sternite and the presence of a sella turcica (a 
part of the endophragmal system) in both groups. However, evolutionary processes do not always 
seem to favour the parsimonious way and phylogenetic relationships have proven to be more 
complex. Today, with more data at hand, at least podotremes but possibly also heterotremes are no 
longer considered monophyletic (Spears et al., 1992; Ahyong et al., 2007; Scholtz & McLay, 2009; 
Karasawa et al., 2011; Shen et al., 2013; Basso et al., 2017).  
Unfortunately, there is neither a morphological, nor a molecular phylogenetic analysis that covers all 
heterotremes, let alone all eubrachyuran groups and presents a good enough resolution that is 
informative on all levels (Davie et al., 2015b, Fig. 1.2). 
For example, Tsang et al. (2014) used an extensive taxon sampling but unfortunately were not able 
to indisputably resolve the heterotreme groups. The same is true for most molecular studies with a 
more limited brachyuran taxon sampling (Spears et al., 1992; Ahyong et al., 2007; Bracken et al., 2009; 
Chu et al., 2009). While there is no doubt about the monophyly of the Thoracotremata (Jamieson et 
al., 1995; von Sternberg & Cumberlidge, 2001; Tsang et al., 2014), it remains unclear whether the 
heterotreme brachyurans form a monophyletic group. Those in favour of monophyletic 
Heterotremata argue on the basis of molecular data (Tsang et al., 2014) but also morphological data 
such as endosternite characters (sella turcica, Secretan, 1998) and the position of gonopores (Guinot, 
1977). Then again molecular data by Bracken et al. (2009), Shen et al. (2013), Yuhui et al. (2017) and 
Basso et al. (2017) as well as morphological data such as spermatozoal ultrastructure (Jamieson et al., 
1995; Jamieson & Tudge, 2000) and foregut ossicles (Brösing et al., 2006) argue against monophyletic 
heterotremes. More recent studies proposed a sister group relationship of the Potamidae with the 
Thoracotremata, that would corroborate the heterotreme  
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
�����������


²




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paraphyly (Shen et al., 2013; Basso et al., 2017; Yuhui et al., 2017). Additionally, some eubrachyuran 
groups might not be monophyletic (Schubart & Reuschel, 2009; Lai et al., 2011, 2014). 
Studies of the phylogeny within groups as for example the Majoidea (Hultgren et al., 2009), the 
Xanthoidea (Karasawa & Schweitzer, 2006; Lai et al., 2011), the Eriphioidea (Lai et al., 2014) or the 
Grapsoidea (Schubart et al., 2006) present good resolution at lower taxon levels but are lacking 
support at deeper nodes.  
In most studies, the Majoidea represent an early diverging lineage (Spears et al., 1992; Jamieson et al., 
1995; Porter et al., 2005) and sometimes even the sister group to all remaining heterotremes (Jamieson 
et al., 1995; Brösing et al., 2006; Ahyong et al., 2007; Basso et al., 2017). Assuming paraphyletic 
heterotremes, the Majoidea would very likely represent the sister group to all remaining heterotreme 
taxa and the Thoracotremata. Additionally, Dorippidae and Ethusidae sometimes form an early 
diverging lineage (Guinot et al., 2013; Luque, 2015). They are proposed to be early lineages of the 
eubrachyuran tree, in a sister group relationship with Majoidea (Bracken et al., 2009; Luque et al., 
2017). A sister group relationship with Hymenosomatidae as proposed by Ahyong et al. (2007) is 
only poorly supported and should be rejected.  
The position of Leucosiidae is more ambiguous. They also have been placed in a sister group 
relationship to a monophylum of Dorippidae and Ethusidae, but not close to Majoidea in Tsang et 
al. (2014). On the other hand, Chu et al. (2009) presented Majoidea, Dorippidae and Leucosiidae in 
a sister group relationship to Cancridae, but deeply nested within the heterotreme tree. This contrasts 
to a more recent study by Basso et al. (2017), who proposed a close relationship of Leucosiidae and 
Matutidae. In Ahyong et al. (2007) the Leucosiidae were even more deeply nested within the 
eubrachyuran tree as sister group to the thoracotreme taxa included in this analysis. However, the 
phylogenetic tree of Ahyong et al. (2007) is only poorly supported in most of the nodes, which 
challenges this interpretation. The internal relationships of the portunoid groups and the position of 
the Portunoidea is unstable. It has repeatedly been rearranged (Martin & Davis, 2001; Karasawa et 
al., 2008; Ng et al., 2008; Bracken et al., 2009; Schubart & Reuschel, 2009). Bracken et al. (2009) 
proposed a sister group relationship of Portunidae and paraphyletic Calappidae, while the data of 
Tsang et al. (2014) resulted in a sister group relationship of Portunoidea and Menippidae. 
Unfortunately, this is also only poorly supported and Menippidae are resolved as polyphyletic.  
A close relationship of Portunoidea and Majoidea as suggested by McLay & López-Greco (2011) 
based on mating theories and growth patterns cannot be supported by data from reproductive 
systems (see discussion).  
The Eriphioidea seem to be polyphyletic with its taxa widely spread throughout the heterotreme tree 
(Lai et al., 2014; Tsang et al., 2014; Davie et al., 2015b). The same seems to be true for the Xanthoidea 
(Lai et al., 2011) and the groups of Calappoidea, some of which have been placed together with 
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groups of the Goneplacoidea (Chu et al., 2009; Tsang et al., 2014) or with the Leucosiidae (Basso et 
al., 2017). The position of the Cancroidea is as unstable as the one of the Portunoidea (Schubart & 
Reuschel, 2009). However, they seem to be closely associated with Ethusidae, Leucosiidae and 
Majoidea (Bracken et al., 2009; Chu et al., 2009; Tsang et al., 2014). 
While there is no doubt about the monophyly of the Thoracotremata, in the context of large-scale 
thoracotreme phylogeny its groups are polytomous (Tsang et al., 2014; Basso et al., 2017). At least 
the Grapsoidea and the Ocypodoidea are polyphyletic with groups intermingling with each other 
(Tsang et al., 2014). 
At the moment the phylogenetic relationships within the Eubrachyura are far from resolved and part 
of an ongoing debate on how the eubrachyuran groups have evolved. 
 
1.2    | AIMS 
The continuing lack of a widely accepted hypothesis on the phylogenetic relationships of the 
Brachyura clearly demonstrates the need for further phylogenetically informative character 
complexes. Reproductive systems underlie selective pressures that directly affect the reproductive 
success of a species and hence its survival. The male copulatory and the female reproductive systems 
of Eubrachyura present unique character complexes with taxon-specific variations. In order to 
achieve a denser taxon sampling and to find promising characters that may lead to an understanding 
of their evolutionary transformation and could potentially be used for phylogenetic purposes, the 
morphology of the male copulatory and the female reproductive systems of four eubrachyuran 
species were investigated. 
Two species, Mithraculus sculptus (Lamarck, 1818) and Stenorhynchus seticornis (Herbst, 1788) belong to 
the Majoidea. This large heterotreme group of approximately 800 species probably diverged early 
within the eubrachyuran tree (Spears et al., 1992; Jamieson et al., 1995; Porter et al., 2005; De Grave 
et al., 2009). Their monophyly is widely accepted but internal relationships remain unresolved. Some 
majoids are commercially important, which led to intense studies of their reproductive characters and 
resulted in the most thorough investigations of the eubrachyuran reproductive morphology at the 
time (Beninger et al., 1988; Beninger et al., 1991; Lanteigne et al., 1996; Sainte-Marie & Sainte-Marie, 
1998). Amongst them, especially Diesel (1991) influenced conception of these systems for decades. 
The third species is the thoracotreme Percnon gibbesi (H. Milne Edwards, 1853). It is part of the 
Percnidae, a probably basal group within the Grapsoidea. However, the Grapsoidea is a thoracotreme 
group of uncertain phylogenetic position. The monophyly of the Grapsoidea as well as the position 
of the Percnidae as a possible early diverging lineage within it, have been intensely debated (Schubart 
et al., 2000; Števčić, 2005; Schubart et al., 2006; Schubart & Cuesta, 2010).  
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The fourth species is Limnopilos naiyanetri Chuang and Ng, 1991. The puzzling group of the 
Hymenosomatidae consists of more than 100 species that are poorly investigated (Guinot & Richer 
de Forges, 1997; Ng et al., 2008). The position of the Hymenosomatidae within the eubrachyuran 
tree is part of an ongoing discussion. Based on several morphological characters and molecular data, 
the prevailing hypothesis is that they belong to the Heterotremata, possibly in a close relationship to 
the Majoidea (Chuang & Ng, 1994; Guinot & Richer de Forges, 1997; Ahyong et al., 2007; Guinot et 
al., 2013). However, the position of the male gonopore is sternal and therefore a thoracotreme 
character state. 
The inconsistencies of some morphological characters in conjunction with their uncertain phylo-
genetic position make these representatives of three enigmatic eubrachyuran groups intriguing objects 
of investigation. It is the intent of this study to discuss characters such as musculature and tegumental 
glands of the male gonopods and embed these into their specific role during copulation. In addition, 
this work seeks to compile and define possible character complexes of the female reproductive system 
in order to provide the ability to describe the evolutionary transformations that led to its formation 
and to discuss their potential for phylogenetic studies.  
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ABSTRACT 
The reproductive system of spider crabs (Majoidea) has raised considerable interest due to the 
complexity of female sperm storage organs. In several majoid species, the seminal receptacle has been 
described as being divided into a dorsal storage chamber and a ventral fertilization chamber separated 
by a muscular velum. The velum is supposed to control the amount of sperm used for fertilisation 
and to play an important role in sperm competition. Here, we present a study on the reproductive 
systems of the two majoid species, Mithraculus sculptus (Lamarck, 1818) and Stenorhynchus seticornis 
(Herbst, 1788) using various morphological techniques such as µCT scans and 3D-reconstructions, 
complemented by paraffin histology. The male gonopods of the herein investigated species are similar 
in their general morphology and in the presence and distribution of setae. The tubular first gonopod 
holding the ejaculatory canal is much longer than the short and stout second gonopod, which is 
supposed to function as a piston in the transport of sperm into the female ducts. The female 
reproductive system of M. sculptus and S. seticornis conforms to that of other Eubrachyura in possessing 
paired ovaries, oviducts, seminal receptacles, vaginae, and vulvae.
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Based on our 3D-reconstruction we demonstrate that there is no division of the seminal receptacle 
into two chambers separated by a velum. In contrast to this, we observed a spatially restricted 
invagination of the seminal receptacle. A comparison of our data with those of previous studies, 
allows for the conclusion that the invagination of the seminal receptacle may have been 
misinterpreted and mistaken for a velum by other authors. Thus, the division of the seminal receptacle 
into two chambers separated by a velum is a character which needs to be re-evaluated. 
KEYWORDS: seminal receptacle, storage chamber, insemination chamber, gonopods, setae, 3D-
reconstruction. 
 
2.1    | INTRODUCTION 
The Majoidea or spider crabs is a very diverse brachyuran group, comprising more than 800 
species, with a worldwide distribution in marine waters (De Grave et al., 2009). It has been proposed 
to be a basal branching lineage within the Eubrachyura based on morphological (Jamieson et al., 
1995) and molecular data (Spears et al., 1992; Porter et al., 2005). However, data concerning the 
phylogenetic position of the Majoidea within the Eubrachyura is sparse and partially contradictory 
(Brösing et al., 2006; Tsang et al., 2014). Whilst their monophyly is widely accepted (Hultgren & 
Stachowicz, 2008; Mahon & Neigel, 2008; Tsang et al., 2014), relationships among the majoid groups 
remain disputed. The only constant is the monophyly of the Oregoniidae and their position as sister 
group to the remaining Majoidea (see Hultgren et al., 2009 and Guinot et al., 2013 for review). The 
morphology of brachyuran reproductive systems has been discussed with respect to phylogenetic 
(Guinot, 1977; McLay & López-Greco, 2011; Guinot et al., 2013; Becker & Scholtz, 2017) and 
functional analyses (Diesel, 1989; Beninger et al., 1991). 
The male copulatory system is a complex arrangement of three paired parts, consisting of the first 
and second gonopods and the penes. The tubular first gonopod (G1) forms the ejaculatory canal with 
a basal and distal opening. During copulation, the second gonopod (G2) and the penis are inserted 
into the G1 through the basal opening. The penis extrudes the sperm into the ejaculatory canal of 
the G1. It is then pushed by the G2 into the female genital duct (Bauer, 1986). Gonopods contain 
valuable phylogenetic information(Beninger et al., 1991; Beninger & Larocque, 1998). This is based 
on their diverse and specific morphology including the patterns of setae in combination with the 
conservative nature of gonopods (Martin & Abele, 1986; Vallina et al., 2014). 
The female reproductive system of eubrachyuran crabs consists of paired ovaries, oviducts, seminal 
receptacles, vaginae, and vulvae. The seminal receptacles play a major role in eubrachyuran 
reproduction due to their ability to store sperm from one or more males that can be used to fertilize 
several consecutive broods (Cheung, 1968).  
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The reproductive morphology of the Majoidea has been addressed in several studies (Diesel, 1991; 
Beninger et al., 1993; Lanteigne et al., 1996; Sainte-Marie & Sainte-Marie, 1998; Rotllant et al., 2007; 
González-Pisani et al., 2011; Antunes et al., 2016). In contrast to other eubrachyurans, a division 
ofthe seminal receptacle into two distinct chambers has been described in some majoids (Diesel, 
1989). According to this view, a muscular diaphragm, the velum, separates the seminal receptacle into 
a dorsal secretory “storage chamber” filled with sperm and a ventral cuticle “insemination chamber” 
with the oviduct junction (Diesel, 1989). The putative existence of a velum has stimulated inferences 
on the reproduction of spider crabs in terms of the location of fertilisation (Diesel, 1991) and sperm 
competition of eubrachyurans in general (McLay & López-Greco, 2011). To date, it is not clear which 
majoid groups actually possess a velum and whether all structures referred to as a velum (Sal Moyano 
et al., 2010; González-Pisani et al., 2011) are really similar to its original description and definition 
(Diesel, 1989). 
In this study, we investigate the male and female reproductive morphology of the majoids 
Stenorhynchus seticornis (Herbst, 1788), belonging to the Inachoididae, and Mithraculus sculptus (Lamarck, 
1818) of the Majidae. Our main goal is to re-evaluate characters of the female reproductive system 
described by Diesel (1989, 1990, 1991) in particular the division of the seminal receptacle into two 
chambers. By means of the latest morphological methods such as µCT-scans and 3D-reconstruction, 
together with established histological tools, our results reveal that seminal receptacles of both studied 
species are not divided into two separate chambers and shed doubt on previous interpretations of 
such a division and the presence of a velum (Diesel, 1989; Sal Moyano et al., 2010; González-Pisani 
et al., 2011). The present study demonstrates the value of 3D-reconstructions to understand the 
spatial organization of reproductive systems and the need for further studies in order to re-evaluate 
the majoid reproductive systems. 
2.2    | MATERIALS AND METHODS 
2.2.1 | MATERIAL  
The specimens of Stenorhynchus seticornis and Mithraculus sculptus were obtained from 
commercial vendors (www.shop-meeresaquaristik.de). Three females of each species were used for 
histology and the 3D-reconstruction of the reproductive organs. All investigated females were mature 
and two females of M. sculptus were ovigerous. 
2.2.2 | HISTOLOGY 
For the histological analyses, specimens were cold-anaesthetised in a freezer at –18°C for 15 
minutes. Whole specimens were preserved either in Bouin’s solution or in “Susa Heidenhain” 
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(MORPHISTO® Evolutionsforschung und Anwendung GmbH, Frankfurt am Main, Germany) for 
48–73 hours. For decalcification, specimens were treated in Ethylenediaminetetraacetic acid (EDTA) 
for 48–72 hours. Specimens were then dehydrated through a series of ethanol solutions and infiltrated 
(Shandon Hypercenter XP, Thermo Fisher Scientific, Waltham, Massachusetts, USA) and embedded 
with paraffin. Sections were prepared at 6–8 µm using a rotary microtome Leica RM2255 (Leica 
Microsystems GmbH, Wetzlar, Germany). All histological sections were stained with the trichromatic 
Masson-Goldner “light green” (MORPHISTO®, Frankfurt am Main, Germany). 
2.2.3 | SCANNING ELECTRON MICROSCOPY (SEM) 
The dissected gonopods of two male specimens of each species were cleaned manually after 
an ultrasonic bath. The first and second gonopods were critical point dried (Bal-Tec CPD 030, 
Balzers, Liechtenstein) and sputter coated with a gold layer (Bal-Tec SCD 005, Balzers, 
Liechtenstein). The micrographs were taken using a LEO (Zeiss) 1430 scanning electron microscope 
(Carl Zeiss Nano Technology Systems GmbH, Oberkochen, Germany) and images were processed 
with the software COREL DRAW X6 (Corel, Ottawa). 
2.2.4 | MICRO-COMPUTER-TOMOGRAPHY (µCT) 
One specimen of each species was fixed in “Susa Heidenhain” (MORPHISTO®, Frankfurt 
am Main, Germany) for 48–73 hours and washed repeatedly in 70% ethanol. After dissecting the 
pleon together with the attached gonopods, samples were dehydrated through a series of ethanol 
solutions. For contrast improvement, samples were immersed in a 1% iodine-ethanol solution for 24 
h and subsequently critical point dried (Bal-Tec CPD 030, Balzers, Liechtenstein). The samples were 
X-ray scanned using a Nanotom (Phoenix | x-ray, GE Sensing and Inspection Technologies) high 
resolution µCT system. 
2.2.5 | IMAGE PROCESSING AND 3D-RECONSTRUCTION 
The reconstruction of three-dimensional (3D) models was carried out with the AMIRA 
software (FEI Visualization Sciences Group, Bordeaux). Series of histological sections were 
photographed using a stereo microscope Axioskop 2 equipped with a camera Axio Cam HRc and 
processed with the AxioVision 4.3 software (Carl Zeiss Vision GmbH). The images were turned into 
grey scale and aligned. After the alignment, the 3D reconstruction was carried out by processing 
image stacks of these virtual sections. The contours of each reproductive structure (differentiated 
gray scale values) were marked on the virtual cross section with a polygon, and the polygons then 
used to calculate a surface model of the reproductive system. 3D reconstruction of 
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the µCT scans was carried out by processing image stacks of virtual sections. These sections were 
then edited the same way as the aligned histological sections. All images were processed in Corel 
DRAW X6 and Corel PHOTOPAINT X6 (Corel, Ottawa). 
2.3    | RESULTS 
2.3.1 | MALE GONOPODS 
OVERALL MORPHOLOGY 
The seminal duct passes through the coxa of peraeopod 5 and emerges through the sexual 
opening (gonopore) as a penis. The gonopore lies adjacent to the basal part of the first gonopod 
(G1). The small penis enters the G1 on the opposite side of the opening for the second gonopod 
(G2) (Fig. 2.1). In both investigated species the tubular first gonopod is longer than the stout second 
gonopod (Fig. 2.1). 
 
Fig. 2.1 Arrange-ment of 
different setae types along 
the gonopods. A: First 
gonopod of (1) Mithraculus 
sculptus and (2) 
Stenorhynchus seticornis. B: 
Second gonopod of (1) 
Mithraculus sculptus and (2) 
Stenorhynchus seticornis.  
Abbreviations:  
ag = apical girdle; dp = 
distal podomere; eco = 
ejaculatory canal opening; 
i.G2 = insertion of G2; p 
= penis; pp = proximal 
podo-mere; pt = 
protuberance. 
 
 
 
 
 
 
The G1 (Figs. 2.2, 2.3) is tripartite (Fig. 2.2F). The elongated distal shaft is characterized by the tubular 
cuticle that forms the ejaculatory canal, whose suture is visible from the outside. The distal, 
subterminal opening of the ejaculatory canal (eco) is directed medially (Figs. 2.2A,B, 2.3A). The 
 THE MAJOIDEA – RESULTS 
 
17 
 
proximal opening for the second gonopod (G2) is formed between overlapping cuticular folds of the 
proximal side of the shaft (Figs. 2.2C, 2.3B). Gonopod tegumental glands or rosette glands (rg) are 
situated proximally within the shaft of the G1, arranged around its basal opening (Fig. 2.2F1–3). 
Several muscle strands are present in the gonopods connecting the three podomeres (Fig. 
2.2F).Within the G1 three muscles are observed (referred to as m1–m3). While the m1 and m2 have 
only one origin and projection, the m3 has two proximal origins on the ventral and dorsal side of the 
proximal podomere. 
In Stenorhynchus seticornis the slightly twisted shaft is bent laterally and tapers distally (Fig. 2.1A2). Its 
distal end is somewhat bulbous with a pointed tip (Fig. 2.3A). 
In Mithraculus sculptus the shaft is elongated, straight, and slightly bent in dorso-lateral direction on the 
first quarter of the basal part. The tip is cone-shaped and elongated on the ventro-lateral side. It is 
thereby forming a pointed tip with a wide opening of the ejaculatory canal. A small hook like appendix 
is present on the dorso-medial side below the edge of the tip (Fig. 2.2A,B).  
The G2 of both species is tripartite as well. The distal podomere has a compact shaft with a smooth 
surface and only few folds along its ventro-medial side (Fig. 2.3C). Along the distal part of the shaft 
the cuticle is very compact and almost completely fills out the entire lumen (Fig. 2.2F4). The G2 has 
three muscles (referred to as m*1–m*3). One of them (m*1) is running within the distalmost segment 
only (Fig. 2.2F4). 
In both species an apical girdle (sensu BENINGER et al., 1991) surrounds the tip (see dashed lines in 
Figs. 2.2E, 2.3C). The G2 of S. seticornis presents a process at the tip that is pointing dorsally. In M. 
sculptus the tip of the G2 bears a central protuberance (Fig. 2.2E). 
SETATION 
The types of setae and their distribution along the surface of the gonopods are similar in S. 
seticornis and M. sculptus (see Table 2.1 and Fig. 2.1A,B) . 
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Fig. 2.2 First and second gonopods (G1, G2) of Mithraculus sculptus, SEM pictures (A–E) and 3D-reconstruction 
based on µCT (F). A: Tip of G1 with detail of denticles surrounding the ejaculatory canal opening. B: Part of 
G1 with the hook-like appendix. C: Proximal part of the folded cuticle (see *) forms the opening for the G2. 
D: Pappose setae along basal 2/3 of dorsolateral edge. E: Tip of G2 with the apical girdle (including an 
enlargement of the denticles) and the protuberance. F: 3D-reconstruction of proximal part of G1 (1–3) and 
G2 (3, 4). Cuticle is presented semi-transparent to allow visibility of the muscle strands and rosette glands 
within the gonopods. (1) Course of ejaculatory canal indicated by black dashed lines. The position of the penis 
and its insertion into the G1 is indicated by a semi-transparent grey area and arrow. (2) All podomeres of G1 
can additionally be distinguished through the attachment sites of the muscle strands. Form of middle podomere 
indicated by dashed line. (3) Position of both gonopods. G2 not inserted into G1. 
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Table 2.1 Location and arrangement of types of setae on first gonopod (G1) and second gonopod (G2) of 
Stenorhynchus seticornis and Mithraculus sculptus; + = present; – = absent. 
Location / arrangement on gonopod setae 
type 
S. 
seti-
cornis 
M. 
sculptus 
G1 proximal 
+ middle 
podomere 
• along the dorsal edges 
pappose 
(Fig. 2C-
D; 
Fig. 3D) 
+ + 
 distal 
podomere 
• surrounding the basal opening for the G1 and 
penis 
• along the basal two-thirds of the dorsolateral 
edge 
• one row on basal postero-medial edge 
+ + 
 + - 
 
 + - 
 
 
• along the middle of the dorso- and ventro-
lateral area 
simple - + 
 
 
• along the distalmost dorso- and ventro-lateral 
area 
simple, 
very 
short 
(Fig. 2B) 
+ + 
 
 • on the dorso-lateral side of the tip bifurcate, 
short 
(Fig. 3A) 
+ - 
 
 
• one row along one-third of the dorso-lateral 
side 
+ - 
 
 • around the ejaculatory canal opening denticles 
(Fig. 3A) 
+ + 
G2 proximal 
+ middle 
podomere 
• grouped along the distal edge 
pappose 
(Fig. 3C) 
+ + 
 distal 
podomere 
• grouped along the proximal edge - + 
 
 • around the distal apical girdle denticles 
(Fig. 2E) 
+ + 
 
 
 
 
 
 
 
 
 
(4) Instead of all other muscle strands both attachment sides of the m*1 are situated within the distal podomere.  
Abbreviations: ag - apical girdle; de - denticle; dp - distal podomere; eco - ejaculatory canal opening; ha - hook-
like appendix; i.G2 - insertion of G2; m1 - ventral muscle bundle within G1 running within the distal  
podomeres; m2, m3 - two dorsal muscle bundles within G1 that run from the distal to the proximal podomere; 
m2’, m3’ - two ventral muscle bundles within G1 that run from the distal to the proximal podomere; m*1 - 
muscle bundle running within distal podomere of G2; m*2, m*3 - muscle bundles within G2 running within 
the distal podomeres and the middle podomere to the proximal podomere, respectively; mp - middle podomere; 
p - penis; pa.se - pappose setae; pp - proximal podomere; pt - protuberance; rg - rosette glands; s.se - simple 
setae; sut - suture; vs.se - very short setae; * = cuticle folding that forms part of insertion site of G2. 
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Fig. 2.3 First and second gonopods (G1, G2) of Stenorhynchus seticornis, SEM pictures. A: Tip of G1 with 
ejaculatory canal opening (see *) surrounded by denticles (lower enlargement) and bifurcate setae (upper 
enlargement), suture of folded cuticle clearly visible. B: Proximal part of folded cuticle (see *) that forms the 
opening for G2. Dashed lines mark middle and proximal podomeres. C: Overview of G2, apical girdle indicated 
by dashed line; * indicates area of longitudinal folds along distal podomere. D: Pappose setae along edge of G1 
distal podomere. E: Process at apex of G2. 
Abbreviations: ag - apical girdle; am - appendix masculine; bf.se - bifurcate setae; de - denticle; dp - distal 
podomere; i.G2 - insertion of G2; sut - suture; pa.se - pappose setae; pp - proximal podomere. 
 
2.3.2 | FEMALE REPRODUCTIVE SYSTEM 
The females of Mithraculus sculptus and Stenorhynchus seticornis have very similar reproductive 
systems that differ only in some small details. Thus, the results presented in the following apply to 
both species as long as not mentioned separately. 
OVARY AND OVIDUCT 
The ovaries are paired, elongated organs located dorsally in the cephalothorax with two ovary 
strands running along each body half as anterior and posterior lobes. The left and right strands 
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connect ventral to the heart. Whereas those of M. sculptus are restricted to the thorax, the posterior 
ovarian lobes of S. seticornis extend into the pleon and are additionally fused posteriorly.  
The tissues and cell types that line the ovaries and the oviduct are continuous (Fig. 2.4A–F). Each 
strand wherein the oocytes develop is highly convoluted and internally lined by a mono-layered 
epithelium (Fig. 2.4A–C,F). The cells that form the oviduct have a cubic shape with round basally 
located nuclei, whereas the cells of the ovary are more elongated and have oval nuclei. Both structures 
are externally coated by a thin layer of connective tissue (Fig. 2.4D,E–F).  
Different stages of oocyte development are present within the ovaries (Fig. 2.4B,C). The germinative 
zones, where oogonia proliferate, can be distinguished from the adjacent maturation zones where the 
oocytes develop. However, in females with large mature ovaries, the mature oocytes are intermingled 
with strands of germinative zones. Within the germinative zones, batches of oogonia (10–20 µm) 
with a low amount of cytoplasm and relatively large nuclei, originate (Fig. 2.4C,F). Previtellogenic 
oocytes with a larger proportion of cytoplasm and an irregular cell shape (20–120 µm), are also 
present in the germinative zone (Fig. 2.4C,F). The ovaries contain no oocytes in early vitellogenesis 
(meaning the stage of the maturing cells, in which the inclusion of yolk has started only recently) but 
show mature oocytes at sizes of 140–300 µm, completely filled with yolk (Fig. 2.4A–C,E). In several 
females, oogonia and previtellogenic oocytes are also present within the oviduct close to the 
connection to the seminal receptacle (Fig. 2.4D,F). 
SEMINAL RECEPTACLE 
The seminal receptacle (SR) is externally coated by connective tissue. Internally, a dorsal 
secretory area and a ventral cuticle area can be discriminated (Figs. 2.5A1–4,B, 2.6A1,2,B–C). The 
tissue of the dorsal area is stratified. Due to an irregular surface, the cells that form the outer cell 
layer, appear loosely arranged. They are associated with the surrounding connective tissue. 
The adjoining proliferative cells form the middle section and an increasing degeneration of cells 
towards the lumen of the SR results in the release of secretions (Fig. 2.5D). The lumen is filled with 
sperm masses without any apparent layering or divisions of the sperm masses by sperm gel (Figs. 
2.5E,G, 6D).  
The oviduct runs into a thickened portion of the secretory tissue (Fig. 2.6C,G), close to the transition 
into the cuticle epithelium (Fig. 2.4D) and to the adjoining vagina (Fig. 2.5A3). Cuticle folds are 
present at the transition between the secretory tissue and the cuticle area of the SR (Figs. 2.5F, 
2.6C,E). The cuticle that lines the SR ventrally and parts of the dorsal area is formed by a columnar 
epithelium.  
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Fig. 2.4 Ovary and oviduct of Stenorhynchus seticornis (A,B,E) and Mithraculus sculptus (C,D,F). A: 3D-
reconstruction of oviduct and parts of ovary based on histological sections showing mature oocytes within 
oviduct. Black dashed arrows = continuation of tissue; dark dashed line and arrow = orifice to seminal 
receptacle. B: Histological section through oviduct within ovary. Oogonia enclosed within oviduct, the mature 
oocytes arranged adjacent to it. C: Cellular organisation within ovary and oviduct. Germinative zones arranged 
in strands in between the mature oocytes. Some haemal vessels can be found. Notice the central nucleus in the 
mature oocytes. D: Histological longitudinal section of oviduct connecting ovary to seminal receptacle.  
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In M. sculptus, the ventral cuticle-lined part of the SR forms several prominent bulges which protrude 
into the lumen and partly divide it into different areas (Fig. 2.5A3,4,B). The cuticle occurs also in the 
dorsal area, where it covers the secretory tissue towards the lumen (Fig. 2.5E). In some sections the 
seminal receptacle of S. seticornis shows a cuticle structure that transforms into a cuticle bulge that 
protrudes towards the lumen of the ventral area (Fig. 2.6D,F). 
THE VAGINA 
The cuticle of the SR is continuous with the cuticle of the vagina. In cross sections the vagina 
is crescent shaped, resembling the “concave type” vagina (sensu Hartnoll, 1968) with the inner wall 
invaginated into the outer wall occluding the vagina lumen. Two different cuticle layers can be 
distinguished (see Locke (2001); Fig. 2.7C). The epicuticle faces the vagina lumen and stains red in 
Masson’s trichrome while the procuticle stains blue. The flexible parts of the vagina wall are equipped 
with musculature and the cuticle herein appears structurally different from the remaining procuticle 
and stain red in Massons trichrome. In both species investigated, the muscle attachment correlates 
with the flexible parts of the vagina.  
In M. sculptus only the inner vagina wall is flexible and connected to the sternum by muscles running 
diagonally to ventro-lateral (Fig. 2.7A,B,D,E). In S. seticornis, also the outer vagina wall appears flexible 
towards the SR – indicated by red-staining horizontal bands of the procuticle and a muscle attachment 
(Fig. 2.7E). Those muscles run diagonally ventro-medial to the sternum. In one specimen a sperm 
plug was found within the vagina lumen (Fig. 2.7F). 
 
 
 
 
 
 
E: Magnification of two adjacent mature oocytes within ovary. Notice the “follicle cells” that lie between the 
oocyte cell membrane and a very fine membrane that is present adjacent to the oocytes. F: From right to left: 
Oogonia and previtellogenic oocytes within oviduct in very close proximity to orifice connecting oviduct and 
seminal receptacle. The oviduct lies adjacent to the secretory tissue of the seminal receptacle. Towards the 
seminal receptacle lumen a cuticle bulge covers the secretory tissue. The lumen of the seminal receptacle is 
filled with sperm mass. Arrows = connective tissue around both structures.  
Abbreviations: ct - connective tissue; cu - cuticle; h - haemal vessel; st.sr - secretory tissue of the seminal 
receptacle; fc - follicle cell; oc - mature oocyte; n - nucleus; oo - oogonia; od - oviduct; po - previtellogenic 
oocyte; sp - sperm mass; sr - seminal receptacle. 
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2.4    | DISCUSSION 
2.4.1 | THE MALE GONOPODS 
OVERALL SHAPE AND FUNCTIONS IN SPERM TRANSFER 
The distal segment of the first gonopod (G1) of brachyuran males is folded longitudinally, forming 
the ejaculatory canal with a basal and a distal opening (Rorandelli et al., 2008; Sal Moyano et al., 2011; 
Vallina et al., 2014). During copulation, the second gonopod (G2) and the penis are both inserted 
into the G1 through a basal opening. Together, they form a complex copulatory system to transport 
the sperm masses into the female seminal receptacles through the vagina during copulation. The 
relative length of the G1 and G2 is variable among the Brachyura (see McLay & Becker, 2015). A 
short G2 is characteristic for the Majoidea (Beninger et al., 1991; Diesel, 1991; Neumann, 1996; 
Rorandelli et al., 2008; Sal Moyano et al., 2011; this investigation) and also present in other 
eubrachyuran groups (e.g. Ocypodidae: Lautenschlager et al., 2010; Pinnotheridae: Becker et al., 
2012). The characters present in the investigated G2 of Mithraculus sculptus and Stenorhynchus seticornis 
resemble those of Chionoecetes opilio (O. Fabricius, 1788) (Beninger et al., 1991).  
 
 
 
 
 
Fig. 2.5 Seminal receptacle and associated structures of Mithraculus sculptus. A: Different perspectives of a 3D-
reconstruction of seminal receptacle and parts of oviduct based on histological sections. (1) all parts in shaded 
outlines; (2) secretory tissue transparent; (3) secretory tissue and oviduct transparent; (4) only cuticular parts of 
reproductive system visible, view from dorso-medial and cuticle slightly tilted in anterior direction. Cuticle of 
ventral area shows prominent bulges that protrude into the lumen (see arrowheads part 4) and divides it into 
different compartments. In some areas these bulges cover the secretory tissue towards the lumen (transparent 
in part 3). The oviduct connection to the seminal receptacle is medio-ventrally (see * in part 3) in very close 
proximity to the vagina opening (dashed lines in part 3 + 4). B: Idealized schematic drawing of seminal 
receptacle. Notice that the oviduct lies adjacent to the secretory tissue. Flexible parts of inner vagina wall 
indicated by grey area within the cuticle (arrowheads indicate cuticle bulges). C: Histological cross section 
through seminal receptacle. A dorsal secretory area can be distinguished from a ventral cuticle area. Prominent 
folds at the transition between the two parts. Arrow = thin cuticle. D: Stratified tissue of secretory area of the 
seminal receptacle. E: Cuticle lining of seminal receptacle in dorsal area with stretched columnar epithelium. 
The cuticle bulges partly cover the secretory tissue that lines the dorsal area. F: Prominent cuticle folds at 
transition between secretory and cuticle area. G: The sperm mass within the seminal receptacle is not arranged 
in layers. 
Abbreviations: cb - cuticle bulge; ce - columnar epithelium; ct - connective tissue; cu - cuticle; da - dorsal area; 
dc - disintegrating cells; dor - dorsal; cf - cuticle folds; st - secretory tissue; lu - lumen; m - muscle; med - medial; 
oc - oocyte; od - oviduct; pc - proliferating cells; post - posterior; sp - sperm mass; stn - sternum; va - ventral 
area; vag - vagina. 
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Fig. 2.6 Seminal receptacle and associated structures of Stenorhynchus seticornis. A: Different perspectives of a 
3D-reconstruction of the seminal receptacle and parts of the oviduct based on histological sections. Oviduct 
and sternum shown transparent. Additionally three nerves coming from ventral nerve cord run along the 
seminal receptacle in very close proximity. B: 3D-reconstruction of seminal receptacle and parts of oviduct 
based on histological sections. C: Idealized schematic drawing of the seminal receptacle in longitudinal section. 
Secretory tissue forms the dorsal area and is followed ventrally by cuticle. Flexible parts of vagina indicated by 
grey dashed line within the cuticle. Muscles attached to both sides of vagina. The line indicates approximate 
position of cross section presented in Fig. 6D. D: Cross section through seminal receptacle. The cuticle bulge 
(see *) transforms into a cuticle structure that can be misinterpreted as a velum (see * in Fig. 6F). At opening 
of oviduct into seminal receptacle the secretory tissue clusters into a much thicker tissue than anywhere else. 
E: Histological section of folds appearing on transition between secretory and cuticle areas. F: Cuticle structure 
that could be misinterpreted as a velum (see *). G: Transition of oviduct into secretory tissue of seminal 
receptacle.  
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Even though observations of copulations are rare and data concerning the actual movement of 
gonopods are lacking, certain hypotheses about the transport of sperm have been developed 
(Beninger et al., 1991; Becker et al., 2012). In a system with a short G2, the G1 is the actual sperm 
conduit that interacts with the vagina while the G2 is supposed to have an accessory function by 
moving the sperm distally within the ejaculatory canal (Beninger et al., 1991). The narrow ejaculatory 
canal allows only minor movements of the G2 within the G1. With respect to the compact cuticle at 
the distal part of the G2, it seems unlikely that the G2 can be stretched significantly but it may 
however act like a seal, as has also been suggested by Beninger et al. (1991). The cuticle folds on its 
surface (Fig. 3C) might allow the seal to be broken by muscular contractions. 
SETATION AND DENTATION 
The arrangement of the various setal types along the G1 and G2 of the species investigated is widely 
consistent with data from other majoid studies (see Table 1). The presence of pappose setae (Figs. 
2C,D, 3B–D) at the proximal parts of the gonopods has also been described for C. opilio (Beninger 
et al., 1991) and for Libinia spinosa Guérin, 1832 (Sal Moyano et al., 2011). Furthermore, the denticles 
located on the gonopod tips are present in many other majoid males (Beninger et al., 1991; Diesel, 
1991; Neumann, 1996; Sal Moyano et al., 2011) and have been regarded as homologous structures 
(Beninger et al., 1991). 
The denticles surround the distal opening of the ejaculatory canal of the G1 (Fig. 2A,E) and are 
supposed to rupture spermatophores during sperm transfer (Beninger et al., 1991; Neumann, 1996; 
Rorandelli et al., 2008). The observation of intact spermatophores in S. seticornis by Antunes et al. 
(2016) and C. opilio by Sainte-Marie et al. (2000) however contradicts this assumption. 
 
 
 
 
 
 
 
 
 
Abbreviations: ant = anterior; cf = cuticle folds; cu = cuticle; dor = dorsal; endo.st = endo sternit; st = 
secretory tissue; lu = lumen; med = medial; m = muscle; n = nerve; op = operculum; od = oviduct; sp = sperm 
mass; vag = vagina; * = cuticle strap that dents into the lumen (compare Fig. 6F and D) 
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Fig. 2.7 Histological sections of vagina and associated structures of Mithraculus sculptus (A–D) and Stenorhynchus 
seticornis (E–F). A: Longitudinal section of vagina with attached muscles. The cuticle epithelium forms 
prominent folds at the transition to the seminal receptacle. The line indicates approximate position of cross 
section shown in B. B: Cross section of crescent shaped vagina at transition to seminal receptacle. The flexible 
inner wall is invaginated into the outer wall. C: Detail of the flexible vagina cuticle. Columnar epithelium lined 
by cuticle. Two cuticle areas can be distinguished: procuticle and epicuticle (the latter facing the lumen). D: 
Muscle attachment to the flexible cuticle of inner vagina wall. Arrow = fibrous tissue that connects the muscle 
to the cuticle. 
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2.4.2 | THE FEMALE REPRODUCTIVE SYSTEM 
The morphology of the reproductive system in the investigated species follows the general 
pattern of heterotreme eubrachyurans including other Majoidea. The oviducts connect the paired 
ovaries to the likewise paired seminal receptacles, which in turn open to the vulvae through the 
vaginae. Furthermore, the ovaries, the oviducts, and the seminal receptacles are enclosed by 
connective tissue (Figs. 4D,F,G, 5D,E). 
Whereas some studies focused only on some aspects of the majoid reproductive system such as the 
development of the ovaries (Hinsch & Cone, 1969; Rotllant et al., 2007), the whole reproductive 
system has been comprehensively described in the species Chionoecetes opilio (Beninger et al., 1988; 
Beninger et al., 1993; Lanteigne et al., 1996; Sainte-Marie & Sainte-Marie, 1998; Sainte-Marie et al., 
2000; Benhalima & Moriyasu, 2001), Hyas coarctatus Leach, 1816 (Hartnoll, 1968; Lanteigne et al., 
1996), Hyas araneus (Linnaeus, 1758) (Hartnoll, 1968), Inachus phalangium (Fabricius, 1775) (Diesel, 
1989, 1991), Stenorhynchus seticornis (Antunes et al., 2016), Maja brachydactyla Balss, 1922 (Rotllant et al., 
2007), Libinia spinosa (Sal Moyano et al., 2010; González-Pisani et al., 2011; Sal Moyano et al., 2011), 
Leurocyclus tuberculosus (H. Milne Edwards & Lucas, 1842) (González-Pisani et al., 2011). This broad 
knowledge offers the possibility to identify shared characters of the majoid reproductive system (for 
a summary see Table 2). 
THE SHAPE OF THE OVARIES 
The ovarian lobes of Mithraculus sculptus correspond to the organization of other Brachyura 
(McLay & Becker, 2015) and are consistent with the H-shape pattern, with the ovaries restricted to 
the cephalothorax (see Krol et al., 1992). The posterior fusion of the ovaries in S. seticornis (referred 
to as O-shape herein) is linked with an extension into the pleon. Interestingly, a similar extension of 
the ovaries has been described for species of three other majoid species (Rotllant et al., 2007; 
González-Pisani et al., 2011). Additionally, an extension of ovarian lobes into the pleon has previously 
been described for thoracotremes of the groups Grapsoidea (de Souza & Silva, 2009), Pinnotheridae 
(Becker et al., 2011) and Cryptochiridae (Vehof et al., 2016). 
 
 
 
E: Cross section of crescent shaped vagina of S. seticornis. Muscles attached on both sides of vagina walls. 
Seminal receptacle filled with sperm mass. F: Cross section through vagina, with the sperm plug clearly visible 
in lumen. 
Abbreviations: ce = columnar epithelium; cu = cuticle; epi = epicuticle; pro = procuticle; cf = cuticle folds; 
fl.cu = flexible part of cuticle; st.sr = secretory tissue of the seminal receptacle; m = muscle; sp.pl = sperm 
plug; sp = sperm mass; sr = seminal receptacle; st = sternum; lu = lumen (of vagina). 
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Although the macroscopic organization is quite similar, the cell arrangement of the developing 
oocytes in the ovaries differs from any known description. So far, the germinative zones of 
heterotreme ovaries were always described as situated centrally with oocytes wandering to the 
periphery during their maturation progress (Hinsch & Cone, 1969; Johnson, 1980; Rotllant et al., 
2007). In all females investigated in the present study, this usual arrangement is expanded in a more 
complex manner with germinative zones and adjacent previtellogenic oocytes stretching through 
areas of mature oocytes (Fig. 4A–C). The very small ovaries of a freshly spawned female resemble 
the usual arrangement to some extent but this seems to be due to the stage of the reproductive cycle. 
This implies that changes, not only in general size, but also in the histology within the ovaries, depend 
on the female reproductive cycle. The absence of vitellogenic oocytes within the ovaries may indicate 
a seasonal reproduction or a rapid vitellogenesis. 
THE OVIDUCT ORIGIN OR WHERE DO THE “FOLLICLE CELLS” FIT IN?  
At first sight, “accessory-” or “follicle cells” seem to be distributed irregularly in between the 
developing oocytes (Fig. 4E). In some studies they have been interpreted as the cells that surround 
the developing oocytes (Hinsch & Cone, 1969) and form the chorionic membrane (Johnson, 1980; 
de Souza & Silva, 2009). Due to their distribution and arrangement within the ovary and oviduct it 
might be possible that in fact they are not randomly distributed, but the continuous epithelial cells of 
the convoluting oviduct and ovary strands (Fig. 4F). 
Given that germinative zones and premature oocytes are also found within the oviduct in very close 
proximity to the seminal receptacle, the oviduct can be regarded as part of the ovary that forms the 
connection to the seminal receptacle (Fig. 4D,F). The structural similarity of oviduct and ovary and 
the view that they should not be treated as separate structures, have been previously discussed by 
several authors (Hard, 1942; Spalding, 1942; Hartnoll, 1968; Becker et al., 2011). 
The oviduct does not form an open tube where it connects to the SR of M. sculptus and S. seticornis. 
Therefore, it seems likely that the tissues of the seminal receptacle and oviduct undergo cyclic changes 
and only form a tube when the female ovulates. This temporary orifice has been reported for the 
majoid C. opilio (Sainte-Marie & Sainte-Marie, 1998) and the grapsoid Eriocheir sinensis H. Milne 
Edwards, 1853 (Lee & Yamazaki, 1990). 
THE SEMINAL RECEPTACLE AND THE ISSUE OF THE VELUM 
In both investigated species the dorsal area of the SR is formed by a secretory tissue whose cells 
release secretions and degenerate towards the lumen (Fig. 5D). Secretory tissues have been described 
in numerous eubrachyuran species showing different dimensions within the SR (Johnson, 1980; Zara 
et al., 2014; Ewers-Saucedo et al., 2015; Hayer et al., 2015; de Souza et al., 2017). 
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Table 2.2 A comparison of the female reproductive system of investigated Majoidea. — Abbreviations: cgz = central germinative zone; H = H or X shape; O = posteriorly 
fused ovary lobes; sph = spermatophore; st = secretory tissue; cu = cuticle; + = yes; – = no; * = with muscle within the folds; ° = plus an additional muscle; italics = 
interpretation / disputable; bold = consistently in all investigated species; ? = no information available. 
Group Species References ovary oviduct seminal receptacle vagina 
morphology / 
dimension 
cgz 
orifice close to 
vagina 
structure at 
transition  
st – cu 
sperm 
distribution 
sperm 
condition 
general / 
oblique 
muscle 
sperm 
plug 
vulva 
closure 
Oregoniidae 
Chionoecetes  
opilio 
Beninger et al., 1988, 
1993; Lanteigne et 
al., 1996; Sainte-
Marie & Sainte-
Marie, 1998 
H / carapace + + folds* 
dorsal / 
ventral 
sph concave/ + – 
inner 
vagina 
wall 
 
Hyas  
araneus 
Hartnoll 1968 H / carapace ? + folds ? ? concave/ + + 
inner 
vagina 
wall 
 
Hyas  
coarctatus 
Hartnoll 1968; 
Lanteigne et al., 
1996 
H / carapace + + folds* ? ? concave/ + ? 
inner 
vagina 
wall 
Inachidae 
Inachus  
phalangium  
Diesel 1989, 1991 H / carapace ? 
+ /  
ventral chamber 
velum  dorsal packages concave/ + + 
inner 
vagina 
wall 
Inachoididae 
Stenorhynchus  
seticornis 
this study; 
Antunes et al., 2016 
O / pleon – + folds 
dorsal / 
ventral 
free mass / 
sph 
concave/ 
+° 
+ 
inner 
vagina 
wall 
 
Leurocyclus  
tuberculosus 
González-Pisani et 
al., 2011 
O / pleon ? ? intermediate folds 
dorsal / 
ventral 
free mass concave/ + – 
inner 
vagina 
wall 
Majidae Maja 
brachydactyla 
Rotllant et al., 2007 O / pleon + + – 
dorsal / 
ventral 
free mass concave/ + ? ? 
 
Mithraculus  
sculptus 
this study H / carapace – + folds 
dorsal / 
ventral 
free mass concave/ + – 
inner 
vagina 
wall 
Epialtidae 
Libinia  
spinosa  
Sal Moyano et al., 
2010, 2011; 
González-Pisani et 
al., 2011 
O / pleon ? 
+ / 
intermediate 
velum / 
folds 
dorsal / 
ventral 
packages concave/ + – 
inner 
vagina 
wall 
 
 THE MAJOIDEA – DISCUSSION  
 
32 
 
Interestingly, the arrangement of the secretory tissue cells at the proximity to the oviduct 
connection of the females of M. sculptus and S. seticornis follows a similar pattern as that described as 
the “holocrine transfer tissue” in Pinnotheridae described by Becker et al. (2011) (see also Antunes 
et al., 2016) (Fig. 6C,G). If this pattern is homologous, this would undoubtedly serve as a useful 
character but it needs further investigations into this subject to verify this. 
Diesel (1989, 1991) described a division of the SR into two discrete chambers in females of a number 
of majoid species. The dorsal, secretory “storage chamber” and the ventral, cuticular “insemination 
chamber” were interpreted as a key aspect of majoid reproduction and discussed in terms of sperm 
competition (Diesel, 1989, 1991). According to this view, the velum that separates both chambers 
could allow the female to control the amount of sperm stored in the dorsal “storage chamber” and 
of that released into the ventral “insemination chamber” during ovulation. The concept of the velum 
has been adopted by some authors for other majoids and a number of eubrachyuran species (e.g., L. 
spinosa: Sal Moyano et al. (2010); González-Pisani et al. (2011); Ucides cordatus (Linnaeus, 1763): 
Sant'Anna et al. (2007)). In the present study however, none of the females possesses a velum, which 
challenges previous observations. In some sections of S. seticornis a structure similar to a velum 
appears but the three dimensional reconstruction reveals it to be an invagination of a cuticle-lined 
area of the seminal receptacle wall (see * in Fig. 6D,F), which does not separate it into two chambers. 
In M. sculptus a structure resembling the velum in L. spinosa (González-Pisani et al., 2011) is present, 
but is just a prominent cuticle bulge that protrudes into the ventral area-lumen of the SR and stretches 
towards the opposite wall (Fig. 5A4).  
Thus, it might be necessary to differentiate between a velum in the sense of Diesel (1989) and cuticle 
invaginations that incompletely divide the ventral area of the seminal receptacle. 
Instead of a velum, in most of the investigated majoid species some cuticle folds are present at the 
transition between the dorsal and ventral area of the seminal receptacle (see Table 2 for a summary 
of the hitherto investigated majoid species). These folds can be structurally different. In C. opilio and 
H. coarctatus musculature inserts into the cuticle folds (Beninger et al., 1993; Lanteigne et al., 1996), 
whereas in all other species muscles are absent. Antunes et al. (2016) detected musculature within the 
folds in S. seticornis. However, this finding has not been confirmed in our study. The presence of 
cuticle folds seems to be a widely distributed eubrachyuran character (Becker et al., 2011; González-
Pisani et al., 2011; de Souza et al., 2013). Nevertheless, with the sperm mass being present in the 
entire lumen of the seminal receptacle, the cuticle folds seem not to limit its dispersion. Thus, a 
division in a sperm “storage- and insemination chamber” as described by Diesel (1989) is unlikely. 
Due to the lack of a velum or other structures such as a bursa (Vehof et al., 2017), an active 
participation of the female during copulation regarding the amount of sperm used for fertilisation 
and control over specific male sperm seems improbable. 
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Antunes et al. (2016) observed spermatophores and free spermatozoa in the ventral region of the SR 
of S. seticornis. In contrast to this, we observed only free spermatozoa in M. sculptus and S. seticornis, 
which might be due to differences in the elapsed time since mating. The absence of spermatophores 
and sperm layering in the seminal receptacle of both species could also be due to this. Similar 
conclusions have been drawn for hymenosomatids as sperm masses from multiple copulations slowly 
mix after some time (van den Brink & McLay, 2009; Klaus et al., 2014). 
Concerning the oviduct orifice of eubrachyurans, Diesel (1991) differentiated between a SR of a 
dorsal-type and a ventral-type, with the oviduct orifice being located opposite to or adjoining the vagina, 
respectively. This differentiation has been widely accepted and further hypotheses concerning sperm 
competition were built upon it (Diesel, 1991; McLay & López-Greco, 2011). In the herein studied 
species, the oviduct connection with the secretory tissue of the seminal receptacle is situated 
somewhat intermediate. Nevertheless, it is situated close to the cuticle area and the vagina and 
therefore of the ventral type (Figs. 5, 6). With regard to sperm competition, this would indicate a last 
male precedence. Yet, since no layering is obvious, it remains unclear if the stored sperm belongs to 
more than one male. 
THE VAGINA  
The continuity of the cuticle in the seminal receptacle, the vagina, and the integument 
suggests an ectodermal origin of all these structures. The structures of the vagina have been 
elaborated in detail by Hartnoll (1968). In his study on brachyuran female genital ducts he recognized 
four types of vaginas, namely (1) simple, (2) concave and concave with operculum (3) mobile, and (4) 
immobile.  
All hitherto investigated majoid species have vaginae of the concave type and the vulva is enclosed 
by the deflated inner wall and opens only by contraction of the attached muscle. Hartnoll (1968) 
refers to this type of closure of the genital ducts as operculum. 
2.5 | CONCLUSIONS 
Several characters are shared by the species investigated in the present study (see also tables 
1 and 2): 
Male gonopods. (1) The G1 is long, slender, tapers distally and forms a bulbous tip. (2) The opening 
of the ejaculatory canal is subterminal and (3) surrounded by denticles. (4) The gonopod tegumental 
glands (= rosette glands) are present in the proximal part of the G1 where the G2 is inserted. (5) The 
G2 is short and stout and (6) has longitudinal folds on its distal surface and (7) an apical girdle is 
present around its distal tip. (8) The penis emerges from the gonopore of the fifth coxa and enters 
the G1 opposite the G2.  
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Female reproductive system. Within the SR (1) a (mostly) dorsal secretory area can be 
distinguished from (2) a (mostly) ventral area lined by cuticle. (3) Both areas are separated by cuticle 
folds with or without muscle attachment. (4) The vagina is always of the concave pattern (sensu 
Hartnoll 1968) and (5) the vulva is enclosed by the inner flexible wall of the deflated vaginal tube.  
In contrast to earlier descriptions of majoid reproductive systems, the species investigated in the 
present study lack a division of the seminal receptacle into a dorsal sperm “storage chamber” and a 
ventral “insemination chamber” separated by a muscular velum. Instead, we observed invaginations 
of the cuticle receptacle wall in histological sections and 3D-reconstructions which represent no 
anatomical or functional division of the seminal receptacle. In histological sections however, those 
invaginations resemble the data published by Diesel (1989, 1991) and could by mistake be interpreted 
as a velum. At the present stage, it remains unclear whether a divided seminal receptacle is a character 
which is only present in part of the Majoidea or whether histological observations of earlier studies 
have been misinterpreted. Our findings clearly show the benefit of 3D-reconstruction to understand 
the spatial organisation of reproductive structures and suggest a re-consideration of the velum as a 
majoid character. 
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ABSTRACT 
Recent studies have revealed a high diversity of reproductive structures in heterotreme brachyurans, 
while those of Thoracotremata seem rather uniform. Yet, there still is a huge lack of data in this group 
as only few species have been studied with respect to their reproductive system. The phylogenetic 
position of Percnidae is ambiguous. Recent molecular studies place it within polyphyletic grapsoids. 
We herein study the reproductive morphology of Percnon gibbesi using histology, scanning electron 
microscopy, micro-computed tomography and 3D-reconstructions to test whether this species shows 
the characteristic thoracotreme pattern. Our results reveal that the male copulatory system conforms 
to other thoracotremes. It is composed of two pairs of pleopods (gonopods) and likewise paired 
penes. The first gonopod is relatively long. It possesses a bent terminal process with a distal opening 
of the ejaculatory canal, a character also present in other grapsoids. The second gonopod is short and 
terminates in an apical girdle. The female reproductive system reveals a combination of characters, 
so far unknown for thoracotremes. The paired oviducts do not lead into the seminal receptacles, but 
run into separate cuticular ducts joined with the vaginae. Accessory sperm storage organs, the bursae, 
are also connected to the vaginae. Bursae have previously only been described in heterotreme crabs. 
The data presented in this study reveals a higher diversity of thoracotreme reproductive systems than 
anticipated.  
KEYWORDS: bursa, fertilisation, gonopods, holocrine transfer tissue, separate oviduct orifice, terminal 
process 
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3.1    | INTRODUCTION 
The eubrachyuran crab Percnon gibbesi (H. Milne Edwards, 1853) gained recent attention as an 
invasive decapod species entering the Mediterranean (Yokes & Galil, 2006). The natural distribution 
of this species is in temperate to tropical waters of the East-Pacific and Atlantic from where it has 
entered the Mediterranean through the Strait of Gibraltar (Yokes & Galil, 2006). Being first recorded 
on the coasts of several western and central Mediterranean islands from 1999 onwards (Relini, Orsi, 
Puccio & Azzurro, 2000; Mueller, 2001; Deudero, Frau, Cerda & Hampel, 2005), it has spread 
eastwards, reaching the most eastern Mediterranean up to the coasts of Israel in less than a decade 
(Ilan, Shlagman, Goren, Shema & Galil, 2015). The phylogenetic relationships of Grapsoidea and the 
position of the genus Percnon have been subject to a controversial debate and several changes (see 
Schubart et al. 2000, 2006; Števčić 2005). Based on adult morphological characters, Percnon was 
originally placed in the Plagusiidae. However, in a more recent molecular study, Percninae have been 
excluded from the Plagusiidae and elevated to Percnidae (Schubart & Cuesta, 2010). In this analysis, 
the Percnidae were resolved as the sister group to the remaining grapsoids including ocypodids. 
Likewise the molecular analysis of Tsang et al. (2014) did not show Grapsoidea as monophyletic. 
The traditional subdivision of Eubrachyura into heterotreme and thoracotreme crabs had been based 
on the location of gonopores, i.e. the male and female sexual openings (Guinot, 1977). In 
heterotremes, males have coxal and females sternal gonopores, in thoracotremes the gonopores of 
both sexes are sternal (Guinot, 1977; Guinot, Tavares & Castro, 2013; Davie, Guinot & Ng, 2015). 
The male copulatory systems of eubrachyurans show a great morphological and functional diversity. 
As is true for Brachyura in general, the anteriormost two pairs of pleonal appendages, the first and 
second gonopods, are used for sperm transfer. During copulation the second gonopod (G2) is 
generally inserted into to the tubular first gonopod (G1). In some heterotremes the G2 can be longer 
than the G1, thereby protrude from its distal opening when inserted, and function directly in the 
transfer of sperm (Brandis, Storch & Türkay, 1999; Klaus, Schubart & Brandis, 2006; Ewers-Saucedo, 
Hayer & Brandis, 2015). In other heterotremes and in all Thoracotremata the G2 is clearly shorter 
than the G1 and has a rather accessory role while the G1 transfers the sperm into the female ducts 
(Lautenschlager, Brandis & Storch, 2010; Becker, Türkay & Brandis, 2012; Guinot et al., 2013; McLay 
& Becker, 2015). Corresponding to the male reproductive systems, those of the females show a high 
degree of variation in heterotremes. In contrast to this they are rather uniform in the species of 
Thoracotremata studied so far (McLay & Becker, 2015). However, heterotremes and thoracotremes 
have been generally considered as exhibiting internal initiation of fertilisation as each of the paired 
oviducts is directly connected to the paired internalised sperm storage organs, the seminal receptacles 
(but see Vehof et al. 2018). 
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Traditionally, the Thoracotremata comprises four groups, the Ocypodoidea, the Grapsoidea, the 
Cryptochiroidea, and the Pinnotheroidea (Ng, Guinot & Davie, 2008; Davie et al., 2015). Yet the 
internal and external relationships of these groups are still controversial (Tsang et al., 2014). 
Nevertheless, the reproductive systems of representatives of all four groups have been investigated 
(Varunidae: Lee & Yamazaki, 1990; Ocypodidae: López-Greco, Fransozo, Negreiros-Fransozo & 
Dos Santos, 2009; Lautenschlager et al., 2010; Pinnotheridae: Becker et al., 2011; Becker et al., 2012; 
Gecarcinidae: de Souza et al., 2013; de Souza et al., 2017; Cryptochiridae: Vehof et al., 2016). 
However, considering the diversity of thoracotremes, there is still a huge lack of data concerning the 
reproductive systems of this group. 
We herein present a detailed study on the male copulatory and female reproductive system of P. gibbesi 
using histology, scanning electron microscopy, micro-computed tomography and 3D-
reconstructions. The goal of the present study is to test whether P. gibbesi conforms to the 
characteristic pattern in the reproductive morphology of thoracotremes. 
3.2    | MATERIAL AND METHODS 
3.2.1 | MATERIAL 
Four female and three male specimens of Percnon gibbesi (H. Milne Edwards, 1853) were 
obtained from commercial vendors (www.shop-meeresaquaristik.de). 
3.2.2 | HISTOLOGY 
For the histological analyses, all four female specimens were cold-anaesthetised in a freezer 
at –18°C for 15 minutes. Whole specimens were preserved either in Bouin’s solution or in “Susa 
Heidenhain” (MORPHISTO® Evolutionsforschung und Anwendung GmbH, Frankfurt am Main, 
Germany) for 48 hours. For decalcification, specimens were treated in Ethylenediaminetetraacetic 
acid (EDTA) for 48–72 hours. Specimens were then dehydrated through an ascending series of 
ethanol solutions and infiltrated (Shandon Hypercenter XP, Thermo Fisher Scientific, Waltham, 
Massachusetts, USA) and embedded with paraffin. Sections were prepared at 6–8 µm using a Leica 
RM2255 rotary microtome (Leica Microsystems GmbH, Wetzlar, Germany). All histological sections 
were stained with the trichromatic Masson-Goldner “light green” protocol (MORPHISTO®, 
Frankfurt am Main, Germany). 
3.2.3 | SCANNING ELECTRON MICROSCOPY (SEM) 
The dissected gonopods were cleaned manually after an ultrasonic bath. The first and second 
gonopods were critical point dried (Bal-Tec CPD 030, Balzers, Liechtenstein) and sputter coated with 
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a gold layer (Bal-Tec SCD 005, Balzers, Liechtenstein). The micrographs were taken using a LEO  
1430 scanning electron microscope (Carl Zeiss Nano Technology Systems GmbH, Oberkochen, 
Germany) and images were processed with Corel Draw X6 software (Corel, Ottawa). 
 
3.2.4 | MICRO-COMPUTED TOMOGRAPHY (µCT) 
One male specimen, with the second gonopod still inserted into the first one, was fixed in 
“Susa after Heidenhain” (MORPHISTO®, Frankfurt am Main, Germany) for 48 hours and washed 
repeatedly in 70% ethanol. After dissecting the pleon together with the attached gonopods, the 
sample was dehydrated through a series of ethanol solutions. For contrast improvement, the sample 
was immersed in a 1% iodine-ethanol solution for 24 h and subsequently critical point dried (Bal-Tec 
CPD 030, Balzers, Liechtenstein). 
The µCT scan was conducted using a Phoenix nanotom X-ray|s tube at 100 kV and 150 ƺA, 
generating 2000 projections. The effective voxel size was 20 ƺm, the detector timing 750 ms. The 
cone beam reconstruction was performed using datos|x-reconstruction (GE Sensing and Inspection 
Technologies GMBH Phoenix|x-ray) and a stack of virtual sections was produced and exported with 
VGStudio Max software (Volume Graphics, Heidelberg). 
 
3.2.5 | 3D-RECONSTRUCTION, PHOTOGRAPHY AND IMAGE PROCESSING 
The reconstruction of 3D-models based on histological sections and µCT scans was carried 
out with Amira software (FEI Visualization Sciences Group, Bordeaux). Histological serial sections 
were viewed and photographed using an Axioskop 2 stereo microscope equipped with an Axio Cam 
HRc camera using AxioVision 4.3 software (Carl Zeiss Vision GmbH). The images were converted 
into grey scale and aligned. Based on different gray scale values, the contours of each reproductive 
structure were labeled throughout the digital image stack and then used to calculate a surface model 
of the reproductive system. The 3D-reconstruction of the µCT scans was carried out by processing 
image stacks of virtual sections. These sections were then edited the same way as the aligned 
histological sections. 
In situ multi-scan images of the male copulatory system were taken with a Keyence VHX1000 digital 
microscope (Keyence, Ŕsaka, Japan). All images were processed and assembled in figure plates using 
Corel Draw X6 and Corel Photopaint X6 software (Corel, Ottawa). 
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3.3    | RESULTS 
3.3.1 | MALE 
The male copulatory system of Percnon gibbesi consists of the paired penes and paired first and 
second gonopods (G1 and G2) located symmetrically on each body half (Figs. 3.1-3.3). The penis is 
a small, translucent tube and the external extension of the ejaculatory duct. It emerges from the 
gonopore on sternite 8 (Fig. 3.1A,B), and is accompanied by an elongation of episternite 7. The 
gonopore is situated close to the coxa of pereiopod 5 (Fig. 3.1C). 
Fig. 3.1 Percnon gibbesi, male copulatory system (Keyence digital microscope). A: Ventral view of the male pleon. 
* indicates the position of the gonopore B: Close-up of the left side with first gonopod and penis visible. (C): 
The gonopore on sternite 8 and penis.  
Abbreviations: c5 – coxa of pereiopod 5, e7 – episternite 7, G1 – first gonopod, p – penis, pl – pleon, st7/8 
– sternite 7/8 
 
The G1 comprises a proximal and a distal podomere (Fig. 3.2A). The proximal podomere is short 
and stout and articulates the G1 to the pleon. The distal podomere is long, dorsoventrally flattened 
and has a terminal process (Figs. 3.2Aa; 3.3A-C). It forms a tube, the ejaculatory canal, with a wide 
proximal and a narrow distal opening (Figs. 3.2A,C; 3.3B,C). The course of the ejaculatory canal is 
indicated by a suture that runs diagonally along the dorsolateral surface of the G1 (Fig. 3.3A). The 
opening of the ejaculatory canal is situated most distally on a terminal process and directed towards 
anteromedial. Gonopod tegumental glands (rosette glands) are situated inside the base of the distal 
podomere of the G1, in proximity to the proximal opening of the ejaculatory canal (Fig. 3.2B,C). 
Two muscles connect the proximal and distal podomere of the G1 (Fig. 3.2A,C,D). One muscle 
(m1a) has its origin within the dorsolateral proximal podomere. A second muscle (m1b) originates 
from two areas dorsolateral and ventromedial inside the proximal podomere. Both muscles have 
separate projections towards the area where the proximal and distal podomeres meet (Fig. 3.2A,C,D). 
Two different types of setae are present on the G1 (Fig. 3.3A-D). Pappose setae are distributed 
around the proximal opening of the distal podomere (Fig. 3.3A,D) and simple setae are
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Fig. 3.2 Male Percnon 
gibbesi, three dimensional-
reconstruction of the first 
and second gonopods (left 
side) A The first gonopod 
(beige colour-ation) with 
the basally inserted second 
gonopod (grey 
colouration). The surfaces 
of the podomeres are 
semi-transparent. View 
from dorso-medial. B: The 
second gonopod. View 
from ventro-medial. C: 
The second gonopod is 
inserted into the first 
gonopod (semi-
transparent surface). The 
pleopod tegumental 
glands (rosette glands) are 
situated in proximity of 
the basal opening of the 
ejaculatory canal. The 
ejaculatory canal 
(indicated by dashed lines) 
narrows distally (arrow 
with *). View from ventro-
medial. D: The basal part 
of the first gonopod and 
the muscle strands in the 
proximal podomere. (* 
indicates the insertion site 
of the penis). Lateral view.  
Abbreviations:  
dp – distal podomere,  
eco – ejaculatory canal 
opening,  
G1 – first gonopod,  
G2 – second gonopod, 
m1a – muscle 1 of G1, 
m1b – muscle 2 of G1, 
m2a – muscle 1 of G2, 
m2b – muscle 2 of G2,  
rg – rosette glands,  
pp – proximal podomere, 
tp – terminal process. 
Panel A is an interactive 
3D-model available in the 
digital version. 
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Fig. 3.3 Percnon gibbesi, scanning electron micrographs of the first and second gonopods (right side). A: The 
first gonopod; the suture indicates the course of the ejaculatory canal inside the distal podomere. B: The 
ejaculatory canal opens distally on the bent terminal process. Simple setae arise at its base. C: The ejaculatory 
canal opening; note the distinctive pattern of fine cuticle surface structures on the terminal process. D: Detail 
of pappose setae on the first gonopod, grouped around the insertion area of the second gonopod. E: The 
second gonopod; the distal podomere bears an apical girdle with denticles around its tip (see detail). F: 
Longitudinal folds (*) along the medial surface between the proximal and distal podomere of the second 
gonopod. 
Abbreviations: ag – apical girdle, De – denticle, dp – distal podomere, eco – ejaculatory canal opening, iG2 – 
insertion area of second gonopod, lf – longitudinal fold, ne – dissecting needle, paSe – pappose setae, pp – 
proximal podomere, sSe – simple setae, sut – suture, tp – terminal process 
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present at the base of the terminal process (Fig. 3.3B). Additionally, many very small cuticle spines 
form a distinct pattern on the terminal process (Fig. 3.3C). The stout G2 is formed by a proximal and 
distal podomere and equipped with two prominent muscles (Fig. 3.2B). One muscle (m2a) connects 
the proximal podomere to the pleon (Fig. 3.2A-C). The second muscle (m2b) has both its origin and 
projection within the base of the distal podomere, running from ventral to dorsal (Fig. 3.2B). The 
cuticle of the G2 is predominantly smooth but has a prominent longitudinal fold on its lateral edge 
at the transition of the proximal and distal podomere (Fig. 3.3E). Medially, on the opposite side, 
several small longitudinal folds are present (Fig. 3.3F). The tip of the distal podomere forms an apical 
girdle (sensu Beninger et al., 1991). Additionally, a few pappose setae with a patchy distribution are 
present at the proximal podomere and the basal part of the distal podomere (Fig. 3.3E,F). 
The penis and the G2 are inserted into the base of the proximal podomere of the G1 during 
copulation. They enter the G1 at different positions on opposite sides, but share the same lumen 
within the most proximal part of the ejaculatory canal. 
3.3.2 | FEMALE 
The female reproductive system of P. gibbesi consists of several paired organs. Sperm is stored 
in seminal receptacles and accessory sperm storage structures, the bursae. The oviduct does not enter 
the seminal receptacle directly but leads into a cuticular duct between seminal receptacle and bursa 
(Fig. 3.4). 
OVARY AND OVIDUCT 
The ovaries are restricted to the thorax in P. gibbesi and show a characteristic organisation. 
The germinative zones occupy a central position in the ovary lobes, where oogonia proliferate and 
develop into oocytes. These mature and undergo vitellogenesis during their transport to the 
peripheral maturation zones. The most mature (vitellogenic) oocytes are situated along the outer 
margins of the ovary. In all specimens investigated vitellogenic oocytes were present in the ovary (Fig. 
3.5A). 
The oviduct arises as part of the ovary and runs medially alongside the whole length of the seminal 
receptacle towards the vagina. It leads into a cuticle-lined duct connected to the vagina. The oviduct 
orifice is therefore separate from the seminal receptacle lumen (Figs. 3.4; 3.5B,C,E,F) but close to the 
junction between seminal receptacle, vagina, and bursa (Fig. 3.5B,C). The cuticle epithelium of the 
duct surrounding the oviduct orifice is corrugated. The oviduct leads into a holocrine transfer tissue 
(sensu Becker et al., 2011) which consists of densely packed cells with oval nuclei and secretes a 
homogenous, orange-staining substance into the cuticular duct (Fig. 5F). 
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Fig. 3.4 Percnon gibbesi, overview of the female reproductive system in a schematic drawing A and a histological 
section B. The oviduct orifice inside the cuticular duct and the bursa are not shown in this section (female in 
late premoult stage). 
Abbreviations: bu – bursa, ce – cuticle epithelium, ct – connective tissue, ge – glandular epithelium, htt – 
holocrine transfer tissue, lu – lumen, m – muscle, od – oviduct, ov – ovary, se – secretion, sp – sperm mass, 
vag – vagina 
 
SPERM STORAGE AND VAGINA 
The seminal receptacle is spherical and enclosed by connective tissue and a considerable 
amount of muscle fibres. It is predominantly lined by a corrugated cuticle epithelium (Fig. 3.6C,D). 
The most dorsal part of the seminal receptacle is lined by a glandular mono-layered columnar 
epithelium consisting of regularly shaped cells with large, basally located nuclei. The substances 
released by this epithelium are secreted in layers into the seminal receptacle lumen (Fig. 3.6A,B). 
In all specimens studied, the lumen of the seminal receptacle was filled with free spermatozoa and 
different kinds of secretions but distinct sperm layering or male substances (sperm gel) were not 
observed (Fig. 3.6B-D). 
An additional, smaller sperm storage structure, the bursa, is present in close proximity to the cuticular 
duct with the oviduct orifice and connected to the dorsal part of the vagina (Fig. 3.5B-D). The bursa 
is enclosed by connective tissue and muscles, and internally lined by a corrugated cuticle epithelium 
similar to the one observed in the cuticular duct and seminal receptacle.  
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Fig. 3.5 Histological sections (A, C-F) and 3D-reconstruction (B) of ovaries, oviduct and bursa of female 
Percnon gibbesi. A: The cell arrangement within the ovary; centrally positioned oogonia and previtellogenic 
oocytes and laterally arranged vitellogenic oocytes. B The oviduct orifice leads into a secretory tissue (holocrine 
transfer tissue) that is enclosed into a cuticular duct separate from the seminal receptacle (not shown). C: Cross 
section through the oviduct orifice, bursa and inner vagina wall. View from dorsal. D: Sperm-filled bursa at the 
junction with the vagina and seminal receptacle. View from anterior. E: The oviduct orifice is situated ventrally 
of the seminal receptacle. F: The oviduct orifice (circle in dashed line) and the holocrine transfer tissue with 
(orange staining) secretions within the cuticular duct.  
Abbreviations: bu – bursa, cd – cuticular duct, ce – cuticle epithelium, ct – connective tissue, cu – cuticle, htt 
– holocrine transfer tissue, lu sr – lumen of seminal receptacle, m – muscle, od – oviduct, oo – oogonia, po – 
previtellogenic oocyte, se – secretion, vag – vagina, vo ─ vitellogenic oocyte, y – yolk. Panel B is an interactive 
3D-model available in the digital version. 
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Fig. 3.6 Histological sections of the seminal receptacle and the vagina of female Percnon gibbesi. A: The mono-
layered glandular epithelium lines the seminal receptacle dorsally. The secretions appear layered. B: The 
transition of glandular and cuticle epithelium in the seminal receptacle (arrow). C: The cuticle epithelium that 
forms the main part of the seminal receptacle. Sperm and secretions are mixed and show no specific layering. 
D: The cuticle epithelium is corrugated and surrounded by connective tissue. E: Cross section of the crescent 
shaped vagina. The muscular inner vagina wall is invaginated into the outer wall. F: Detail of the inner vagina 
wall showing the insertion of muscle fibres in the cuticle epithelium (arrow).  
Abbreviations: ce – cuticle epithelium, ct – connective tissue, cu – cuticle, ge – glandular epithelium, iw – inner 
vagina wall, lu - lumen, m - muscle, ow – outer vagina wall, se – secretions, sp - sperm 
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The bursae of one specimen were filled with sperm (Fig. 3.5D), while other specimens had empty, 
slightly crumpled bursae (Fig. 3.5B,C). 
The vagina is of the concave type (sensu Hartnoll, 1968) and runs diagonally and slightly curved from 
the seminal receptacle posteriorly to the vulva in sternite 6. Musculature inserts along the flexible 
inner vagina wall, which is invaginated into the outer vagina wall, giving the vagina lumen a crescent 
shape in cross sections (Fig. 3.6E,F). The cuticle of the inner vagina wall stains slightly differently 
from the outer vagina wall. Sperm plugs were not observed in the vaginae. 
3.4    | DISCUSSION 
3.4.1 | THE MALE COPULATORY SYSTEM 
The male copulatory system of Percnon gibbesi conforms to that of other thoracotreme 
eubrachyurans, with the penis emerging from the gonopore in sternite 8 (Guinot et al., 2013) and a 
long first gonopod (G1) that transfers the sperm into the female ducts (e.g. Pinnotheridae: Becker et 
al., 2012; Majoidea: Kienbaum et al., 2017). The second gonopod (G2) is short and has presumably 
an accessory role in the sperm transfer. The penis of Brachyura is not the intromittent organ but 
represents the outermost extension of the ejaculatory duct of the reproductive system of males 
(Minagawa et al., 1994; Garcia & Silva, 2006; Castilho et al., 2008; Becker et al., 2012; Guinot et al., 
2013). It has been described as being equipped with muscles in several brachyuran species (Minagawa 
et al., 1994; Castilho et al., 2008; Zara et al., 2012). In P. gibbesi the penis emerges through the 
gonopore on sternite 8. Due to its close proximity to peraeopod 5, its position appears coxal as in 
heterotreme brachyurans; however, Guinot et al. (2013) demonstrated through dissections that the 
gonopore is indeed sternal. 
THE FIRST GONOPOD (G1) 
The most striking feature of the G1 is the terminal process with the distal opening of the 
ejaculatory canal. Similar processes have been described in several representatives of Grapsoidea and 
seem to be a common character in this group (Schubart et al., 2002; Naderloo & Schubart, 2010; 
Naderloo, 2011). Accessory distal structures of the G1 are also present in representatives of 
heterotremes such as Panopeidae (Martin & Abele, 1986), Palicidae (Castro, 2000) or Epialtidae (Sal 
Moyano et al., 2011). However, the position of the ejaculatory canal opening in the above mentioned 
heterotremes is sub-terminal while it is distal-most in the G1 in P. gibbesi and other representatives of 
the grapsoids. 
One possible interpretation for such terminal processes is a “lock-and-key” principle and a role in 
reproductive isolation (Masly, 2011). The specialized processes in P. gibbesi and other species of 
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Grapsoidea may be closely coapted to corresponding structures in the female vulvae and/or vaginae 
and thereby prevent interspecific mating attempts. Terminal processes may also play a role in the 
precise placement of sperm. Due to the morphology of the vagina and associated cuticle structures 
in P. gibbesi, it seems likely that only the terminal process of the G1 becomes inserted into the vagina 
during copulation. The clusters of simple setae around the basis of the process may play a direct role 
in copulation, e.g. as mechanoreceptors that guide the G1 into position, as setae are well known to 
be part of the sensory system in crustaceans (Derby, 1989; Crouau, 1997; Garm & Høeg, 2006). 
Small cuticle projections, very short setae or denticles along the tip of the G1 have also been described 
in several grapsoid species (Naderloo & Schubart, 2010; Naderloo, 2011) and in heterotremes, e.g. 
Bythograeidae: Tsuchida & Fujikura (2000), Cancridae: Moriyasu et al. (2002), Epialtidae: Sal Moyano 
et al. (2011), Calappidae: Ewers-Saucedo et al. (2015); Ewers-Saucedo et al. (2016). The pappose setae 
that are grouped around the proximal opening in the G1 have previously been reported from 
gonopods of other species (Beninger et al., 1991; Minagawa, 1993; Brandis et al., 1999; Kienbaum et 
al., 2017). Due to their fine structure and position in P. gibbesi these setae may act as filter structures, 
preventing particles to enter the ejaculatory canal. 
SPERM TRANSPORT AND TRANSFER MECHANISM 
The mechanisms of sperm transport by male gonopods and the transfer into the female ducts 
is variable among Brachyura and poorly understood since functional analysis from direct observations 
on sperm transfer are not available. The relative length of the gonopods constrains their role in sperm 
transfer (McLay & Becker, 2015). For example, the G2 transmits the sperm if it is longer than the 
G1, which is the case in several groups of heterotreme eubrachyurans (Orensanz et al., 1995; Brandis 
et al., 1999; Klaus et al., 2006; Ewers-Saucedo et al., 2015). In other heterotremes (Spalding, 1942; 
Johnson, 1980; Diesel, 1989) and all thoracotremes (McLay & Becker, 2015), including P. gibbesi, the 
tubular G1 is the transmitter of sperm and always longer than the G2. During copulation the penis 
is inserted into the G1 through a basal opening on the opposite side of the opening for the short G2. 
Both lumina are connected through a narrow passage within the ejaculatory canal a little more distally. 
Inserted into the G1, the G2 is supposed to have an accessory role in the transport of sperm and as 
a seal of the proximal opening in the G1 to the outside (Becker et al., 2012). The distal apical girdle 
of the G2 of P. gibbesi has also been described in species of Majoidea (Beninger et al., 1991; Neumann, 
1996; Kienbaum et al., 2017) and Pinnotheridae (Becker et al., 2012) and may take part in sealing the 
ejaculatory canal within the G1. 
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3.4.2 | THE FEMALE REPRODUCTIVE SYSTEM 
THE OVIDUCT ORIFICE 
In P. gibbesi the oviduct does not enter the seminal receptacle directly, but leads into a separate 
cuticular duct connected to the vagina. This stands in contrast to all available descriptions of 
thoracotreme female reproductive systems. A corresponding condition has only been described in 
the Dorippidae MacLeay, 1838 (Hayer et al., 2016; Vehof et al., 2017). Dorippids are either considered 
as an early diverging lineage within the Heterotremata (Guinot et al., 2013; Tsang et al., 2014) or as a 
sister group of the remaining Eubrachyura (Jamieson et al., 1995; Ahyong et al., 2007). Whether a 
spatial separation of the seminal receptacle and the oviduct is the ancestral character state of the 
sperm storage system in Eubrachyura remains a controversial issue (see Hayer et al., 2016; Vehof et 
al., 2017). The different phylogenetic positions of Dorippidae and Percnidae render the situation even 
more problematic. No matter how the character changes are polarised - from a separation of oviduct 
and seminal receptacle to a direct connection of these structures, or vice versa – several homoplastic 
changes are always required. 
The classification of seminal receptacles into dorsal and ventral types (sensu Diesel 1991) refers to 
the relative position of the oviduct/seminal receptacle-connection. McLay & López-Greco (2011) 
developed a hypothesis on the evolution of eubrachyuran seminal receptacles and consequences for 
fertilisation based on the different locations of oviduct orifices. The oviduct orifice of P. gibbesi is 
clearly ventral but since it does not join the seminal receptacle directly, the condition in this species 
does not fit into these concepts. 
THE SECRETORY TISSUES OF OVIDUCT AND SEMINAL RECEPTACLE 
Two different types of secretion occur in the seminal receptacle of P. gibbesi. The first type 
of secretion is produced by a dorsal glandular epithelium, which is very similar to that described in 
other thoracotreme species (Lautenschlager et al., 2010; de Souza et al., 2013; de Souza et al., 2017). 
The second type of secretion is produced by a holocrine transfer tissue (sensu Becker et al., 2011). In 
other thoracotremes, this tissue is found in the area of the connection between the oviduct and the 
seminal receptacle and in close proximity to the mono-layered glandular epithelium. It is made up of 
densely packed small cells which dissolve at the periphery of the tissue and are shed as secretion 
(Becker et al., 2011). Despite the unusual location of the oviduct orifice in P. gibbesi, it still leads into 
the same holocrine tissue as in other thoracotremes (Lee & Yamazaki, 1990; Lautenschlager et al., 
2010; de Souza et al., 2013; Vehof et al., 2016; de Souza et al., 2017). In P. gibbesi the holocrine transfer 
tissue at the oviduct orifice is distant from the mono-layered glandular epithelium in the dorsal region 
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of the seminal receptacle. A sa result of these distinct locations and their histological differences, it is 
very likely that the holocrine tissue and the mono-layered glandular epithelium have a different origin 
within the reproductive system of thoracotreme females. The holocrine transfer tissue in P. gibbesi 
clearly originates from the oviduct. 
The histological properties of the holocrine transfer tissue are consistent among thoracotremes (Lee 
& Yamazaki, 1990; Becker et al., 2011; de Souza et al., 2017) and very similar to the secretory tissues 
that line the seminal receptacles and contain the oviduct orifice in heterotremes (Beninger et al., 1993; 
Lanteigne et al., 1996; Sal Moyano et al., 2010; Zara et al., 2014; Antunes et al., 2016). Due to the 
shared histological characters and their association with the oviduct orifice, both tissues are likely 
homologous. 
There are various hypotheses on the role of secretions within brachyuran seminal receptacles. They 
may support maintenance of the stored sperm (Johnson, 1980; Anilkumar et al., 1996; Becker et al., 
2011), provide protection against bacteria (Jensen et al., 1996; Zara et al., 2014; Antunes et al., 2016), 
or promote the dehiscence of spermatophores (Diesel, 1989). 
Eubrachyuran crabs are supposed to have trans-moult sperm retention because only the ventral part 
of the seminal receptacle is cuticle-lined, while the rest is secretory (McLay & Lopez-Greco, 2011; 
but see Hayer et al, 2016 and Vehof et al., 2017). The ratio of cuticle lining on the one hand, and 
secretory lining on the other hand can vary (Diesel, 1989; Jensen et al., 1996; Lautenschlager et al., 
2010; Zara et al., 2014; Ewers-Saucedo et al., 2015; de Souza et al., 2017; Kienbaum et al., 2017). In 
P. gibbesi only a small area dorsally in the seminal receptacle is lined by glandular epithelium, while the 
main part of the seminal receptacle is lined by cuticle. The degree of cuticle lining in the seminal 
receptacle of P. gibbesi is therefore relatively high compared with other eubrachyurans (Lautenschlager 
et al., 2010; Pardo et al., 2013; Ewers-Saucedo et al., 2015; Hayer et al., 2015). 
The unusual position of the oviduct connection in P. gibbesi has also implications relating to 
copulation and fertilisation. One important aspect is that oocytes are unlikely to enter the seminal 
receptacle and encounter spermatozoa therein at oviposition. Hence, the seminal receptacle is still 
the main sperm storage structure but not the site of fertilisation in P. gibbesi where the initiation of 
fertilisation is likely to occur in the relatively long vagina. The extensive musculature around the 
seminal receptacle of P. gibbesi may enable the release of spermatozoa into the vagina where they 
become mixed with the oocytes during oviposition. 
THE BURSA 
Another noteworthy character in the female reproductive system of P. gibbesi is the presence 
of an accessory sperm storage structure, the bursa, at the junction of seminal receptacle, cuticular 
duct and vagina. Bursae have only been described in very few heterotreme species, e.g. Metacarcinus 
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magister (Dana 1852): Jensen et al. (1996); Limnopilos naiyanetri Chuang & Ng 1991: Klaus et al. (2014); 
Dorippe sinica Chen 1980, Dorippe quadridens (Fabricius 1793): Vehof et al. (2017). 
Interestingly, in all species investigated, the bursae were situated on the medial side of the seminal 
receptacle. While the bursae of M. magister (Jensen et al., 1996) is large in relation to the seminal 
receptacle, the bursae of dorippids (Vehof et al., 2017) and the herein studied P. gibbesi are rather 
small. The bursae are collapsed when they are empty and have a bulbous saclike appearance when 
filled with sperm. Only in dorippids, are bursae so strongly cuticularised that they keep their shape 
even when they are not filled with sperm (Vehof et al., 2017). Bursae were discussed in terms of 
sperm competition (Jensen et al., 1996; Jensen & Bentzen, 2012) and cryptic female choice (Klaus et 
al., 2014). Jensen & Bentzen (2012) propose that females discretely store male sperm and control 
whether the ejaculate enters the seminal receptacle (and will be used for fertilisation) or the bursa 
(and won`t be used for fertilisation). In species where multiple matings and mate guarding occur, 
bursae may serve a female strategy to “discard” sperm from some mates into the bursa, but still 
benefit from the protection provided through mate guarding. 
Because the bursa is lined by cuticle instead of secretory tissue, it seems unlikely that sperm is viable 
for a long time and its content is supposedly shed during moult (Jensen et al., 1996). In P. gibbesi the 
opening of the bursa is in close proximity to the cuticular duct (including the oviduct orifice) and the 
vagina. Hence, it is possible that a supply of recently stored sperm is used for fertilisation. In the 
studied specimens of P. gibbesi only one female had filled bursae, whereas all seminal receptacles were 
filled. Whether this was due to the timing of sampling of specimens (which might have recently 
moulted) or whether the bursae in P. gibbesi are not routinely used for sperm storage and insemination 
remains unknown. The role of the bursa and whether stored spermatozoa are used for fertilisation, 
can only be revealed by paternity tests similar to the ones conducted by Jensen & Bentzen (2012). 
3.5    | CONCLUSIONS 
While the males of P. gibbesi show a copulatory system which is characteristic for 
Thoracotremata and similar to that of the grapsoids studied in this respect, the female reproductive 
system exhibits a novel combination of morphological characters and reveals a higher diversity of 
reproductive structures in thoracotremes as previously assumed. The connection of the oviduct 
through a separate cuticular duct joining the vagina and the presence of a bursa are both characters 
which have only been known from Heterotremata. There is however still a great lack of knowledge 
on the reproductive systems of Thoracotremata and no detailed studies of species closely related to 
P. gibbesi are available for comparison. In order to conclusively evaluate the condition of the oviduct 
orifice and the significance of the bursa as a phylogenetic character, more data are required. The bursa 
has previously been regarded as an apomorphy of a few species of Eubrachyura and was mostly 
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discussed in relation to cryptic female choice (Jensen & Bentzen, 2012; Klaus et al., 2014). However, 
with more studies emerging that describe bursae as accessory (Jensen et al., 1996; Klaus et al., 2014) 
or sole sperm storage structures (Vehof et al., 2017, 2018), the question arises whether those bursae 
are actually homologous and may represent the primary sperm storage structures of Eubrachyura. 
Future studies should focus on additional representatives closely related to P. gibbesi or belonging to 
putatively early diverging lineages of Thoracotremata in order to better understand the plesiomorphic 
character states in the sperm storage systems within this group. Special emphasis should thereby lie 
on the condition of the oviduct orifice, the position and histological characteristics of glandular 
tissues and epithelia and the incidence of bursae. 
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ABSTRACT 
The eubrachyuran Hymenosomatoidea is widely distributed in tropical and subtropical regions 
ranging from marine to freshwater habitats. Even though the biology of this taxon has been studied 
to some extent, its phylogenetic relationships are not resolved. Based on different morphological 
characters, some authors suggested a close affinity of hymenosomatid crabs to heterotremes. 
However, many of these characters are ambiguous, and the few molecular studies did not provide 
convincing solutions either. To address this issue, we studied the reproductive system of the 
hymenosomatid freshwater species Limnopilos naiyanetri Chuang and Ng, 1991 using histology and 
scanning electron microscopy. The females show the characteristic organization of the paired 
eubrachyuran reproductive system. Additionally, a bursa (an accessory sperm storing cuticle cavity) 
is present. The male copulatory system is characterized by paired long first and short second 
gonopods, and a pair of sternal gonopores equipped with a penis. Both, the female and male 
reproductive organs reveal a number of similarities to thoracotreme crabs. The seminal receptacle is 
lined by a very thin cuticle and by a mono-layered glandular epithelium. The male gonopods and the 
sternal genital opening also resemble the thoracotreme condition. Thus, our results indicate that 
Hymenosomatidae are most likely part of the Thoracotremata.  
KEYWORDS: seminal receptacle, glandular epithelium, expandable cuticle, bursa, gonopods, sternal 
gonopore 
 
 
 
 THE HYMENOSOMATIDAE – INTRODUCTION 
 
53 
 
4.1    | INTRODUCTION 
The Hymenosomatidae consists of more than 100 described species (Guinot & Richer de 
Forges, 1997; Ng et al., 2008). It is one of the less well known eubrachyuran groups (Lucas & Davie, 
1982; Chuang & Ng, 1994). Hymenosomatids are widely distributed in tropical and subtropical zones 
of the Indo-Pacific region (Lucas, 1980; Lucas & Davie, 1982; Feldmann & McLay, 1993; Ng & 
Chuang, 1996; Teske et al., 2009; Poore, 2010). Yet, some species also occur in South Africa (Teske 
et al., 2007; Teske et al., 2009) and the Pacific coast of America (Vinuesa & Ferrari, 2008). 
Hymenosomatids live in a wide variety of habitats, ranging from marine to freshwater and semi-
terrestrial (Walker, 1969). They show a number of unique morphological and developmental 
characters such as a carapace encircled by a furrow – the hymenosomian groove (Guinot & Richer 
de Forges, 1997), a pleon that consists of maximally five segments and the telson forming a pleotelson 
(Lucas, 1980; Guinot, 2011). Other noteworthy characters are the generally abbreviated larval 
development and the absence of a megalopa (Guinot & Richer de Forges, 1997). Some freshwater 
species even show direct development (Lucas, 1971). Furthermore, their spermatozoal morphology 
seems to be unique (Richer de Forges et al., 1997). 
The phylogenetic position of Hymenosomatidae is puzzling and not fully resolved. Based on some 
morphological characters, they have been considered as close relatives of either Majoidea (Chuang & 
Ng, 1994) or Inachoididae (Guinot & Richer de Forges, 1997). A molecular analysis resolved them 
as sister group to Dorippidae (Ahyong et al., 2007). Hence, the prevailing idea is that they belong to 
the heterotreme crabs, i. e. those eubrachyurans that are characterized by a coxal position of male 
gonopores (Guinot, 1977). However, the male sternal gonopore opening and the uniformly short 
second gonopod, both present in hymenosomatids, are characters associated with thoracotremes 
(Guinot, 1977; McLay & Becker, 2015). Yet, Guinot argued in a series of articles that the sternal male 
gonopores of Thoracotremata and Hymenosomatidae are convergences (Guinot & Richer de Forges, 
1997; Guinot, 2011; Guinot et al., 2013). 
Limnopilos naiyanetri Chuang and Ng, 1991 is a small-sized hymenosomatid crab, living in freshwater 
habitats in Thailand (Chuang & Ng, 1994). The female reproductive system of L. naiyanetri has been 
investigated by Klaus et al. (2014). However, these authors put the main focus on the biological 
function of the bursa, whereas the description of the seminal receptacle remained somewhat vague 
(Klaus et al., 2014). Therefore, with the increasing number of reported bursae in eubrachyuran species 
and with representatives of dorippoids (Vehof et al., 2017, 2018) as well as majoids (Kienbaum et al., 
2017) studied, it seems plausible to re-examine the reproductive system of L. naiyanetri in detail with 
the goal to evaluate characters in order to resolve their phylogenetic position.  
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4.2    | MATERIAL AND METHODS 
4.2.1 | MATERIAL 
Five female and two male specimens of L. naiyanetri (carapace width 5 – 7 mm) were obtained 
from commercial vendors (www.interaquaristik.de). 
4.2.2 | HISTOLOGY 
For the histological analyses, female specimens were cold-anaesthetized in a freezer at –18 
°C for 2 minutes. Whole specimens were preserved either in Bouin’s solution or in “Susa Heidenhain” 
(MORPHISTO Evolutionsforschung und Anwendung GmbH, Frankfurt am Main, Germany) for 
72 h. For decalcification, specimens were treated in 10% Ethylenediaminetetraacetic acid (EDTA) 
for 48 h. Specimens were then dehydrated through a series of increasing ethanol concentrations and 
infiltrated (Shandon Hypercenter XP, Thermo Fisher Scientific, Waltham, Massachusetts, USA) and 
embedded with paraffin. Sections were prepared at 6–8 µm using a Leica RM2255 rotary microtome 
(Leica Microsystems GmbH, Wetzlar, Germany). All histological sections were stained with the 
trichromatic Masson-Goldner “light green” (MORPHISTO GmbH, Frankfurt am Main, Germany). 
4.2.3 | SCANNING ELECTRON MICROSCOPY (SEM) 
The dissected gonopods of the male specimen were manually cleaned using an eyelash 
attached to a glass pipette tip. The first and second gonopods were dehydrated through an ascending 
series of ethanol, critical point dried (Bal-Tec CPD 030, Balzers, Liechtenstein) and sputter coated 
with a gold layer (Bal-Tec SCD 005, Balzers, Liechtenstein). The micrographs were taken using a 
LEO (Zeiss) 1430 scanning electron microscope (Carl Zeiss Nano Technology Systems GmbH, 
Oberkochen, Germany).  
4.2.4 | PHOTOGRAPHY AND IMAGE PROCESSING 
Histological serial sections were viewed and photographed using an Axioskop 2 stereo 
microscope equipped with an Axio Cam HRc camera using AxioVision 4.3 (Carl Zeiss Vision 
GmbH). In situ multi-scan images of the male copulatory system and the female vulva were taken 
with a Keyence VHX1000 digital microscope (Keyence, Ŕsaka, Japan).  
All images were processed and assembled in figure plates using Adobe Photoshop (Adobe Systems 
Software, San Jose, USA), Corel Draw X6 and Corel Photopaint X6 (Corel, Ottawa, Canada).
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4.3    |RESULTS 
4.3.1 |THE FEMALE REPRODUCTIVE SYSTEM 
The female reproductive system of L. naiyanetri consists of paired ovaries that are connected 
to the likewise paired oviducts. The oviducts are ventrally connected to the seminal receptacle at the 
transition to the vagina (Fig. 4.1). The sperm is stored in the seminal receptacles and accessory sperm 
storage structures, the bursae. The seminal receptacle, the oviduct, the bursa, and the vagina share a 
joint connection in very close proximity to each other (Figs. 4.1, 4.2B).  
 
Different stages of oocyte proliferation are present in the ovary. Vitellogenic oocytes can be found 
in close proximity to the oviduct (Fig 4.2A). The epithelium of the oviduct forms a short duct. Its 
transition into the epithelium of the seminal receptacle is smooth. In the immediate vicinity of the 
transition between the oviduct and the seminal receptacle a conglomeration of secretion is present 
(Fig. 4.2A-B). This secretion is indirect evidence for the existence of a secretory tissue, the “holocrine 
transfer tissue” (sensu Becker et al., 2011). In some females, sperm can be found adjacent to these 
secretions (Fig. 4.2A). 
The bursa is situated at the antero-medial side of the seminal receptacle and is completely lined by 
cuticle (Fig. 4.2B-D). In all females both bursae were filled with sperm. Those sperm masses were 
often continuous with the sperm mass in the seminal receptacles (Fig. 4.2C). Only free spermatozoa 
but no spermatophores were present in the seminal receptacle and bursa. The cuticle of the bursa  
Fig. 4.1 Overview of the female reproductive system of Limnopilos naiyanetri. (A) Histological section; (B)
Schematic drawing. For explanations see text. 
Abbreviations: bu – bursa, ce – cuticle epithelium, ge – glandular epithelium, lu – lumen, m – muscle, od – 
oviduct, ov – ovary, se – secretion, sp – sperm mass, vag – vagina 
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Fig. 4.2 Histological sections of the oviduct, bursa and vagina of female Limnopilos naiyanetri. (A) Parts of the 
ovary filled with vitellogenic oocytes and the oviduct transition into the seminal receptacle with secretions into 
the lumen. (*= Sperm adjacent to the released secretions.) (B) The oviduct orifice is situated in very close 
proximity to the bursa and vagina. Both are lined by cuticle epithelium. The muscle runs from the sternum to 
the area between the oviduct and bursa (* = detail of the secretory tissue and secretion at the oviduct orifice). 
(C) The vagina and bursa. (* = detail of the bursa showing different cuticle layers through different staining 
properties in Masson-Goldners trichrome.) (D) Cross section through the vagina and parts of the seminal 
receptacle (The arrows point to the very thin epithelium). Muscle fibers connect the outer vagina wall to the 
sternum. 
Abbreviations: bu – bursa, ce – cuticle epithelium, iw – inner vagina wall, lu – lumen, m – muscle, od – oviduct, 
ow – outer vagina wall, se – secretion, sp – sperm mass, sr – seminal receptacle, vag – vagina, vo – vitellogenic 
oocyte 
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Fig. 4.3 The position of the gonopores of female and male Limnopilos naiyanetri (Keyence digital microscopy). 
(A) The sternal position of the female vulva, ventral view. (B) The vulva of the females is closed by an 
operculum. A large muscle is attached to the concave vagina wall (visible through the transparent carapace). 
(C) The male reproductive system is shown through the transparent carapace. Arrows indicate the sternal 
position of the external extension of the ejaculatory duct (= penis). The ejaculatory ducts do not project to the 
coxae. 
Abbreviations: m – muscle, op – operculum 
 
appears different compared with the cuticle of the vagina in showing an additional orange-staining 
layer in Masson-Goldners trichrome (see detail of Fig 4.2C).  
The vagina is crescent shaped (Fig. 4.2D) with the vulva being covered by an operculum (Fig. 4.3A-
B). A relatively large muscle connects the inner concave vagina wall to the sternum (Figs. 4.1, 4.3B). 
Additionally, two smaller muscles (with only few muscle fibers) are present. One connects the area 
between the oviduct and the bursa with the sternum on the medial side. The second muscle also 
connects the sternum with a region between the oviduct and seminal receptacle (Fig. 4.1B). 
Ventrally, the cuticle lining of the vagina and bursa transits smoothly into the cuticle of the seminal 
receptacle. The underlying epithelium shows irregularly distributed cell nuclei and is covered by a 
very thin extracellular matrix. It appears to be cuticle due to the usual arrangement in the ventral area 
of a eubrachyuran seminal receptacle, the smooth transition from the vagina and bursa, and the 
absence of any secretion in this region. Dependent on the amount of sperm filling it is either strongly 
folded (few sperm) or stretched (more sperm) (Fig. 4.4A-D).  
The second type of epithelium is glandular. It is a mono-layered columnar epithelium consisting of 
regularly shaped cells with large, basally located nuclei situated dorso-laterally in the receptacle. Its 
secretions are released in layers into the seminal receptacle lumen (Figs. 4.1A; 4.4A-B). 
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Fig. 4.4 Histological sections of the seminal receptacle of female Limnopilos naiyanetri. (A) The glandular 
epithelium in the dorso-lateral area of the seminal receptacle and the transition into the strongly intertwined 
second type of epithelium (see *). (B) The glandular epithelium and the transition into the elongated second 
type of epithelium (see arrow). Secretions appear in layers and the seminal receptacle is filled with free 
spermatozoa. (C) The intertwined epithelium of the seminal receptacle (see *) can be elongated significantly 
(see arrow), depending on the amount of sperm present in the seminal receptacle. (D) The nuclei are randomly 
distributed within the very thin epithelium (see arrow) of the seminal receptacle.  
Abbreviations: ct – connective tissue, ge – glandular epithelium, lu sr – lumen of seminal receptacle, se – 
secretion, sp – sperm mass 
 
 
4.3.2 | THE MALE COPULATORY SYSTEM 
The paired male copulatory system consists of the first gonopods (G1), the second gonopods (G2), 
and the penis (Fig.4.5A). The G1 is stout and curved in an S-shape. Its tip consists of two teeth 
(Fig.4.5A, B see *) and an additional lobe (Fig.4.5A, B see °). The larger triangular tooth lies adjacent 
to the lobe and a smaller sharp tooth is present on the opposite side of the ejaculatory canal opening 
(Fig. 4.5A-B). A row of pappose setae runs along the distal part of its medial surface. 
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Fig. 4.5 Scanning electron microscopy of the gonopods and penis of male Limnopilos naiyanetri. (A) Overview. 
The arrow indicates the insertion site for the G2. On the tip of the G1, the cuticle teeth (*) and the cuticle lobe 
(°) are present. (B) The tip of the G1. The ejaculatory canal opening is adjoined by two cuticle teeth (*) and one 
cuticle lobe (°). (C) The second gonopod is very small and delicate. It has a round tip (see arrow) and many 
cuticle folds along the distal part (see *). (D) The insertion site for the G2 can be found in the lower third if 
the first gonopod (see arrow). (E) The penis is a small cuticle projection with a round opening (see arrow). 
Abbreviations: eco – ejaculatory canal opening, G1 – first gonopod, G2 – second gonopod, p – penis, paSe – 
pappose setae 
 
The G2 is small and delicate and covered with a thin cuticle. Its tip is round and there are no apparent 
additional structures present. Its surface is smooth without any setae, but with folds along the distal 
part (Fig. 4.5C).  
The penis emerges from the sternum in the form of a papilla with a round opening (Figs. 4.3C, 4.5D-
E). 
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4.4    | DISCUSSION 
4.4.1 | THE MORPHOLOGY OF THE FEMALE REPRODUCTIVE SYSTEM  
OVIDUCT ORIFICE AND THE TISSUE OF THE SEMINAL RECEPTACLE  
The variety of the oviduct orifice position of eubrachyurans has been thoroughly reviewed 
by McLay & López-Greco (2011). The oviduct orifice always connects to a multi-layered secretory 
tissue that lines the seminal receptacle. In heterotremes, the position of the oviduct orifice varies to 
a certain degree (McLay & López-Greco, 2011; McLay & Becker, 2015). Irrespective of this position, 
in many heterotreme species the orifice is situated directly at the transition of the cuticular and 
secretory areas of the seminal receptacle (“ventral-type seminal receptacle” sensu (Diesel, 1991; de 
Souza et al., 2017). In contrast to this, the investigated representatives of portunoids (Johnson, 1980; 
Zara et al., 2014; Pardo et al., 2017), some pilumnoids (Diesel, 1991; McLay & López-Greco, 2011), 
platyxanthids (Farias et al., 2017) and the xanthoid Lybia tessellata (Latreille in Milbert, 1812) pers. 
obs.), the oviduct orifice connects to the seminal receptacle in an area that is lined by the multi-layered 
secretory tissue but not in immediate proximity to the cuticle-lined area and the vagina (“dorsal-type 
seminal receptacle” sensu Diesel, 1991). In Thoracotremata, a multi-layered secretory tissue, 
(“holocrine transfer tissue” sensu Becker et al., 2011), is restricted to the oviduct orifice (Lee & 
Yamazaki, 1990; López-Greco et al., 2009; Lautenschlager et al., 2010; Becker et al., 2011; Vehof et 
al., 2016; de Souza et al., 2017; Kienbaum et al., 2018a). Due to their histological similarities, it is very 
likely that the multi-layered secretory tissue of the seminal receptacle of heterotremes is homologous 
to the holocrine transfer tissue in thoracotremes (McLay & Sal Moyano, 2016; Kienbaum et al., 
2018a). In Thoracotremata, the holocrine transfer tissue is either positioned adjacent to a mono-
layered glandular epithelium or cuticle. In the latter case the mono-layered glandular epithelium of 
thoracotremes, has no direct contact to the multi-layered secretory tissue at the oviduct orifice.  
In Limnopilos naiyanetri, the presence of secretions at the oviduct orifice indicates the occurrence of 
secretory tissue in this region. Furthermore, the restriction of this secretory tissue to the oviduct 
orifice suggests that this is the holocrine transfer tissue. In addition, we found a dorsal area with a 
mono-layered glandular epithelium. 
The largest part of the wall of the seminal receptacle consists of a thin epithelium equipped with a 
delicate cuticle. This cuticle has an enormous ability to expand, depending on the amount of sperm 
masses and fluids in the seminal receptacle. Such an enormous expandability has been described for 
the seminal receptacle of the heterotreme plathyxanthid crab Danielethus crenulatus (A. Milne-Edwards, 
1879) by Farias et al. (2017). However, in D. crenulatus this is related to the secretory tissue and not 
to the cuticle-lined area as in L. naiyanetri. 
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The muscles that connect two different parts around the oviduct orifice with the sternum possibly 
increase the lumen of the seminal receptacle in this region. This might facilitate the ovulation by 
providing space and some sort of direction for the oocytes by adjusting this part of the seminal 
receptacle to the vagina opening. 
BURSAE, ACCESSORY SPERM STORAGE STRUCTURES 
Bursae are accessory sperm storage structures that are primarily known from heterotreme 
species such as Metacarcinus magister (Dana, 1852): Jensen et al. (1996); Dorippe sinica Chen, 1980, and 
Dorippe quadridens (Fabricius, 1793): Vehof et al. (2017). Thus far, the only known thoracotreme 
species with bursae is Percnon gibbesi (H. Milne Edwards, 1853) (Kienbaum et al., 2018a). As in the 
other species, the bursae in L. naiyanetri are situated at the antero-medial side of the seminal 
receptacles. Some interesting inferences arise regarding its position between the oviduct orifice and 
the vagina: 
In L. naiyanetri all bursae are more or less filled with sperm independent of the degree of filling of the 
seminal receptacle. Jensen & Bentzen (2012) argue that females actively discriminate whether male 
sperm enters the seminal receptacle or the bursa and thereby control which sperm is used for 
fertilization. Since sperm that has been transferred by the gonopods would enter the seminal 
receptacles and the bursae equally, a function of the bursa in cryptic female choice as suggested by 
Klaus et al. (2014) seems unlikely in L. naiyanetri. 
Moreover, our results contradict the conclusion by Klaus et al. (2014) that “sperm stored in bursa is 
distant from the site of fertilization”. In fact, the sperm within the bursa is closer to the oviduct 
orifice than the sperm in the dorsal part of the seminal receptacle. Nonetheless, due to its cuticular 
lining, a secretory activity is not present in the bursa. Thus, the sperm is not nourished and is shed 
with moulting (Jensen et al., 1996). Hymenosomatidae are assumed to have a final moult (Guinot et 
al., 2013), which would argue against the loss of the sperm from the bursa. Still, the difference 
between sperm stored in the seminal receptacle and that stored in the bursa, might lie in long or short 
term usage. 
The vagina is of the concave type (sensu Hartnoll, 1968). The large muscle connected to the inner 
vagina wall enables the female to increase the vagina lumen. This might facilitate the insertion of the 
gonopod during copulation. 
In contrast to Klaus et al. (2014), who described a “non-sclerotized dorsal part”, our results show 
that the vagina is completely lined by cuticle. This cuticle transits smoothly into the cuticle of the 
ventral seminal receptacle area.  
Klaus et al. (2014) interpreted the tooth on the gonopod tip as a “device to facilitate forced 
copulations” or to “harm the female genital tract, hampering subsequent copulations”. Both 
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hypotheses seem unlikely. The damage of the vagina or vulva would not only compromise the general 
fitness of the females but also oviposition and therefore reduce the reproductive success.  
4.4.2 | PHYLOGENETIC IMPLICATIONS 
HETEROTREME OR THORACOTREME, THE PROBLEMATIC PHYLOGENETIC POSITION OF 
HYMENOSOMATIDAE 
The phylogenetic relationships of Hymenosomatidae among Brachyura have been 
controversial for a long time. Some authors favoured a position within the heterotreme crabs, namely 
in close affinity to Majoidea (Rathbun, 1925; Guinot & Richer de Forges, 1997; Richer de Forges et 
al., 1997; Guinot & Bouchard, 1998) whereas others suggested a thoracotreme affinity, close to the 
Pinnotheridae (Alcock, 1900; Gurney, 1938; Garth, 1958; Lucas, 1971; McLay, 1988). Likewise, recent 
phylogenetic analyses based on molecular data led to contradictory results. Ahyong et al. (2007) 
resolved hymenosomatids as close relatives of Dorippoidea within heterotremes, whereas the analysis 
of Teske et al. (2009) resulted in a close relationship to Potamidae. Interestingly enough, the latter 
have been recently discussed as closely related or even as sister group to Thoracotremata (Shen et al., 
2013; Basso et al., 2017; Tang et al., 2017; Yuhui et al., 2017). 
Guinot (2011), Guinot et al. (2013), and Davie et al. (2015b) discussed the contradicting data 
concerning the hymenosomatid position within the Eubrachyura. The hymenosomatids show a 
number of characters such as unique spermatozoal characters, larval morphology, and abbreviated 
larval development, the lack of a megalopa, incomplete or absent orbits, and the “hymenosomian 
groove” that can neither be assigned to heterotremes nor thoracotremes. Guinot et al. (2013) 
interpreted these characters as ancient traits and concluded that hymenosomatids are an old 
heterotreme group with a Gondwana origin. Based on similarities of the axial skeleton and some 
external characters Guinot (2011) and Guinot et al. (2013) concluded that hymenosomatids are close 
relatives of dorippoids. Since this agreed with the molecular analysis of Ahyong et al. (2007), the 
authors suggested that the relationship of Hymenosomatoidea and Dorippoidea “appear 
unambiguous” (Guinot et al., 2013, p.221). In addition, Davie et al. (2015b, p. 946) even stated that 
Hymenosomatidae has an “incontestable heterotreme status”.  
However, the situation is not as clear as claimed by these authors. For instance, the similarities in the 
axial skeleton as stated by Guinot et al. (2013) might not be complex correspondences but simply 
relate to the overall round shape of the sternum found in Dorippidae and Hymenosomatidae. 
Moreover, Guinot et al. (2013) partly argue with parallel trends in the evolutionary transformation 
such as the shape of the first male gonopods of dorippoids and hymenosomatids. Trends cannot be 
used as proper characters. On the other hand, characteristic features of the Hymenosomatidae that 
are different or absent in the Dorippidae such as the sternal male gonopores were regarded as 
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convergences (Guinot et al., 2013). In contrast to the view of Guinot et al. (2013), the characters that 
are unique to Hymenosomatidae appear to be autapomorphies, strongly corroborating 
hymenosomatid monophyly, rather than indications of the group being an ancestral (eu)brachyuran 
lineage. 
THE REPRODUCTIVE SYSTEM AND ITS BEARING ON THE PHYLOGENETIC POSITION OF 
HYMENOSOMATIDAE 
The female reproductive system of L. naiyanetri is characterised by the presence of a bursa, a 
dorsal mono-layered glandular epithelium, a holocrine transfer tissue in the seminal receptacle and a 
concave vagina. The male system shows a G1 that is longer than the G2, a reduced G2 lacking surface 
structures, and a sternal condition of the male gonopore. Some of these characters are not informative 
for the problem of the phylogenetic position of hymenosomatids. For instance, a bursa has been 
described for a number of heterotreme and thoracotreme crabs (see above; Kienbaum et al. 2018; 
Vehof et al. 2018). The same is true for a concave vagina and a G1 that is longer than the G2 
(Beninger et al., 1991; Guinot et al., 2013; McLay & Becker, 2015; Ewers-Saucedo et al., 2016; 
Kienbaum et al., 2017; Vehof et al., 2018). However, several characters of the female and the male 
reproductive systems of L. naiyanetri suggest a thoracotreme affinity. In particular, female characters 
such as the mono-layered glandular epithelium in the dorsal area and the holocrine transfer tissue of 
the seminal receptacle correspond to the thoracotreme condition (Lee & Yamazaki, 1990; López-
Greco et al., 2009; Becker et al., 2011; de Souza et al., 2017; Vehof et al., 2017). The secretions 
produced in the seminal receptacle of L. naiyanetri appear very similar to those described for the 
grapsoid P. gibbesi (Kienbaum et al., 2018a). In addition, the male characters like the G2 lacking surface 
structures and the sternal gonopore are clearly shared with thoracotreme males (McLay & Becker, 
2015). In particular, there is no real reason to interpret the latter character as homoplasy to the 
thoracotreme condition as discussed by several authors (Jamieson & Tudge, 2000; Guinot, 2011; 
Guinot et al., 2013).  
In contrast to this, the similarities to the reproductive organs of majoids and dorippoids are scarce. 
For example, in both groups the male gonopore is situated on the coxae and the G1 of dorippoids 
shows a different size relation to the G2 compared with L. naiyanetri. The female seminal receptacle 
of majoids is dorsally lined by the multi-layered secretory tissue (Kienbaum et al., 2017). The female 
reproductive systems of Dorippoidea show unique characters such as the cuticle valves at the oviduct 
orifice that are different from other eubrachyuran species (Hayer et al., 2016; Vehof et al., 2017, 
2018). Furthermore, the ground pattern of dorippoids possessed most likely a bursa in combination 
with a cuticle lined seminal receptacle or even another type of sperm storage chambers (Vehof et al., 
2018).  
 THE HYMENOSOMATIDAE - DISCUSSION 
 
64 
 
In summary, the reproductive system of L. naiyanetri reveals no indication for a close relationship of 
hymenosomatids to majoids or dorippoids or any other heterotreme group. Hence, in contrast to the 
conclusions of Guinot (2011), Guinot et al. (2013) and Davie et al. (2015b) our results suggest a 
thoracotreme affinity. 
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5        | DISCUSSION 
5.1     | THE COPULATORY SYSTEM OF MALE BRACHYURA 
The evolutionary transformation of the brachyuran gonopods resulted in the unique and 
complex male copulatory system in which the penis, the tubular G1 and the G2 are used to accurately 
transfer sperm into the female reproductive system. Hereby, the G1 or the G2 act as intromittent 
organs when the sperm has been extruded by the penis into the ejaculatory canal of the G1. The 
diversification of the gonopods might be of use for phylogenetic investigations as suggested by 
different authors (Bauer, 1986; Beninger & Larocque, 1998; von Sternberg et al., 1999). However, 
most taxonomic research gives only (and restricted) information on the G1, omitting data on G2 
morphology. Complete descriptions, including position of musculature, setae morphology and 
gonopod tegumental glands are scarce (Beninger et al., 1991; Minagawa, 1993; Kienbaum et al., 2017, 
2018a: chapter 2, 3). Nevertheless, all these aspects provide important data to evaluate the use of the 
gonopod morphology for phylogenetic studies and to discuss topics such as functional morphology 
of the gonopods and related hypotheses on, for example, the transportation of the sperm (Beninger 
et al., 1991; Brandis et al., 1999; Becker et al., 2012). The copulatory system of the herein investigated 
majoid species Mithraculus sculptus (Lamarck, 1818) and Stenorhynchus seticornis (Herbst, 1788) 
(Kienbaum et al., 2017: chapter 2), as well as the grapsoid species Percnon gibbesi (H. Milne Edwards, 
1853) (Kienbaum et al., 2018a: chapter 3) and the hymenosomatoid species Limnopilos naiyanetri 
Chuang and Ng, 1991 (Kienbaum et al., 2018b: chapter 4), will be compared with the existing data 
(Spalding, 1942; Diesel, 1989; Beninger et al., 1991; Minagawa, 1993; Neumann et al., 1996; Beninger 
& Laroque, 1998; Brandis et al., 1999; George, 2004; Lautenschlager et al., 2010; Sal Moyano et al., 
2011; Becker et al., 2012; Vallina et al., 2014; Ewers-Saucedo et al., 2015, 2016; Vehof et al., 2018) 
and interpreted in relation with the mentioned issues.  
5.1.1 | GONOPOD MORPHOLOGY – IT’S A MATTER OF FORM, RATHER THAN SIZE 
PODOTREME GONOPODS 
Bauer (1986) proposes that the degree of modification of appendages for sperm transfer can 
be used as a measure of the phylogenetic distance from the ancestral state and regards the biramous, 
natatory pleopods as the “primitive” form.  
In most decapod species the gonopods are almost equally long. In the Dendrobranchiata both 
gonopods are biramous. The endopods of the G1 are modified and join to form a petasma and the 
G2 bears an additional process, the appendix masculine (Bauer, 1986, 1991). In the Caridea, both 
gonopods are biramous and the G2 is slightly longer than the G1 (Bauer, 1976). Andrews (1911) 
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Based on this data, the plesiomorphic state in podotreme males was probably characterised by almost 
equally long gonopods, each consisting of three podomeres. The distal podomere of the G1 started 
to slightly fold longitudinally, thereby forming a groove or channel. This is the case in the early 
diverging lineage of Dromiidae (Stephensen, 1946; Figs. 5.1, 5.2) but also in the taxon 
Cyclodorippidae that is being discussed as sister group to the Eubrachyura (Karasawa et al., 2011; 
Figs. 5.1, 5.2). In contrast to this, the tubulation of the G1 is progressed in Raninidae (Minagawa, 
1993) and Homolidae (McLay & Becker 2015; Becker & Scholtz 2017; Fig. 5.1, 5.2). Thus, the degree 
of the gonopod transformation in “Podotremata” is not gradual. In accordance with the assumption 
of paraphyletic “Podotremata” (Spears et al., 1992; Brösing et al., 2006; Ahyong et al., 2007; Scholtz 
& McLay, 2009; Karasawa et al., 2011; Tsang et al., 2014) multiple transformations of the G1 within 
its constituting groups seem plausible. 
The hypothesis of Guinot et al. (2013) of a long and thin G2 as plesiomorphic in podotreme and 
eubrachyuran crabs might need a careful reevaluation (Fig. 5.1). The long G2 in the early diverging 
Dromioidea could equally be interpreted as an apomorphy of this group. The same non-linear 
transformation as in the G1 can be assumed for the G2. It elongated and thinned in Dromiidae 
(Stephensen, 1946), broadened in Cyclodorippidae (data and personal communication from J. Vehof; 
Fig. 5.2) and became short and stouter in for example Raninidae (Minagawa, 1993) and Homolidae 
(McLay & Becker 2015; Fig. 5.2). Interestingly, the latter two groups have a G1 with a tubular distal 
podomere, a possible correlation that has also been discussed for heterotremes. 
HETEROTREME GONOPODS 
As in the paraphyletic podotremes, the plesiomorphic state in eubrachyuran males was 
probably characterised by almost equally long gonopods. The distal podomere of the G1 showed a 
progressing tubulation, while the distal podomere of the G2 was still relatively long and slender.  
Gonopods of a species or group have so far only been classified according to the size relationship of 
the G1 and the G2. This resulted in two categories: Either the G1 is longer than the G2 or the G2 is 
longer than the G1 (Davie et al., 2015a; McLay & Becker, 2015). The distribution of these two 
categories within and between heterotreme groups is variable. Additionally, this size-based 
categorisation does not consider and incorporate the range of different gonopod shapes in 
heterotreme males (Fig. 5.2). Notably, in species with long G2, the forms of the G1 show some 
conformity. They possess a relatively broad proximal part and taper towards the distal tip in a slightly 
bending, conoid shape. The ejaculatory canal opening is terminal. On the other hand, the G1 of 
species with short G2 are more slender. The ejaculatory canal opening can be terminal (for example 
in Xanthidae, pers. obs.) or subterminal (for example in Majoidea, Kienbaum et al. 2017: chapter 2). 
These morphological differences can be explained by the space that is required for the G2. Since the 
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long G2 is positioned within the total length of the ejaculatory canal, it takes up more space than the 
short G2 that is only positioned within the proximal part of the G1. Therefore, a tendency towards 
a more slender form of the G1 is probably only possible in males with short G2. The elongated and 
slender gonopod forms of the herein investigated heterotreme species (Kienbaum et al. 2017: chapter 
2) coincides with this Hypothesis. Becker et al. (2012) reason that in species with long G2, the 
tubulation of the G1 is incomplete resulting in an open suture of the ejaculatory canal to enable the 
insertion of the G2 laterally. Consequently, the advanced tubulation of the G1 would hamper the 
lateral insertion of a long G2 and might be closely correlated with its reduction in length. 
A comparison of the long G2 reveals an interesting similarity of their forms. The elongated distal 
podomere forms a “spoon-like structure” approximately half way along the podomere (sensu Brandis 
et al. 1999). The same structure is called “terminal joint” by Ewers-Saucedo et al. (2016) who studied 
gonopod morphology of Calappidae. From external morphological characters it remains unclear if 
these gonopods possess an additional joint, or whether this external morphology is the result of a 
fusion of two podomeres and the associated loss of the actual joint, or equally possible, if this is only 
a special external morphological character of one podomere. Therefore, it is more adequate to refrain 
from the use of “joint” in this context but to use the term “spoon-like structure” of Brandis et al. 
(1999). 
Two evolutionary transformation series from long into short G2 are feasible. Both of these 
transformations could have happened multiple times. The G2 could have undergone the 
transformation from the plesiomorphic state. This would involve the size reduction of the G2 into a 
shorter form, as is, for instance, the case in the herein investigates species M. sculptus and S. seticornis 
of the Majoidea (Kienbaum et al., 2017: chapter 2). These short G2 have a stout distal podomere. 
They have a more or less blunt tip that can have a pointed extension. 
In the second case, the transformation would have involved the reduction of the formerly thinned 
and elongated distal podomere of the G2. This seems to be the case, for example, in Xanthidae (Lybia 
tessellata (Latreille in Milbert, 1812), pers. obs.). Here, the distal podomere has been reduced distally 
to the “spoon-like structure” that is still present. The same transformation has also been suggested 
for Calappidae (Ewers-Saucedo et al., 2016) and Bythograeidae (Mateos et al., 2012). In both groups, 
representatives with long and thin G2 but also species with short G2 are found. Brandis et al. (1999) 
regarded the apical girdle at the tip of majoid G2 as very similar to the “spoon-like structure” of the 
long G2 of Potamon gedrosianum Alcock, 1909. They reasoned a possible evolutionary correlation 
through the reduction of a long distal podomere and thereby indirectly homologised the apical girdle, 
that is present on the tip of the G2 in heterotreme and thoracotreme species (Kienbaum et al., 2017, 
2018a: chapter 2, 3) with the “spoon-like structure” of long G2. However, they were also aware that 
this might be a premature estimation and that more and carefully examined data would be needed.  
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THORACOTREME GONOPODS 
In accordance with the herein investigated grapsoid species P. gibbesi (Kienbaum et al., 2018a: 
chapter 3) and the hymenosomatid L. naiyanetri (Kienbaum et al. 2018b: chapter 4), in all 
thoracotreme males the G2 are shorter than the G1. The G1 of thoracotremes can have a rather 
broad form (for example in Grapsidae: Stephensen, 1946; Fig. 5.2). If thoracotremes are the sister 
group to monophyletic Heterotremata (Tsang et al., 2014), the transformation of the gonopods could 
have evolved from the common ancestor of Eubrachyura and the podotreme sister group, possibly 
Cyclodorippoidea (Karasawa et al., 2011) or from the character state at the base of the Eubrachyura 
(Fig. 5.1). The tubulation of the G1 in thoracotremes might have resulted in a generally broader form 
and the short G2 would have evolved through a reduction without a preceding elongation. If the 
heterotremes are paraphyletic, the Potamoidea are likely to be the sister group to the monophyletic 
Thoracotremata (Shen et al., 2013; Basso et al., 2017; Yuhui et al., 2017). The gonopods of a potamid 
species have been investigated by Brandis et al. (1999). Here the G2 is longer than the G1 (Fig. 5.2). 
If the gonopods in both groups evolved from a common ancestor, the short G2 in thoracotremate 
taxa could be the result of a secondary reduction of the distal podomere. However, the long G2 in 
Potamidae could represent a character state of this group and the gonopods in thoracotremate taxa 
could still have evolved from the character state at the base of the Eubrachyura. As information on 
the phylogeny of the Eubrachyura are inconclusive, most hypotheses on gonopod morphology and 
its implications remain speculative. 
In general, the male gonopods seem to be suitable to test and confirm the affiliation of species to a 
certain group because of the characters they share within this group. In the context of large-scale 
brachyuran phylogeny, male gonopod characters may still contain some useful phylogenetic signal. 
However, this is here predicted to be limited to certain parts of the tree only, owing to convergent 
evolutionary transformations in several groups. Even without a reliable brachyuran phylogeny, the 
latter phenomenon can be illustrated, for instance, by the co-occurrence of short and long G2 types 
within morphologically well-supported heterotreme taxa such as Calappidae (Ewers-Saucedo et al., 
2016) or Bythograeidae (Mateos et al., 2012), which clearly underlines homoplasy in gonopod 
characters. 
5.1.2| MUSCULATURE 
Data on the musculature of gonopods are relatively scarce. This is surprising, because 
information on musculature provides fundamental information on possible movement and thus 
provides important insights for functional considerations. 
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2013; Basso et al., 2017; Yuhui et al., 2017) might be supported by this additional morphological trait. 
Furthermore, a tendency towards reduction of musculature within the G1 of thoracotremes, which 
agrees with the reduction of the podomeres, is indicated. If the musculature that connects proximal 
and middle podomere of podotremes, heterotremes and thoracotremes is homologised, the reduction 
of the podomeres in thoracotreme G1 might be the result of a fusion of middle and distal podomere. 
A reduction of the podomeres through the loss of the distal podomere seems unlikely, because it 
would necessarily have involved the elongation and tubulation of the middle podomere. 
Information on the musculature of the G2 is almost absent from the literature. Again, the only 
depiction of musculature that connects the G2 to the pleon is shown for the portunid C. sapidus 
(Cochran, 1935). In heterotremes, the proximal podomere is equipped with one muscle that connects 
to the middle podomere (Fig. 5.3). As in M. sculptus and S. seticornis (Kienbaum et al., 2017: chapter 
2), this musculature in the “basal region” has also been described in other majoid taxa (Beninger et 
al., 1991; Sal Moyano et al., 2011) and is present in the portunid C. sapidus (Cochran, 1935). In 
Majoidea, two more muscles are present. One connects the middle and distal podomere and the 
other, interestingly, is an additional muscle that is present only within the distal podomere (Beninger 
et al., 1991; Kienbaum et al., 2017: chapter 2). This third muscle might be an apomorphy of the group 
as it has not been described in other species so far. As shown for Percnon gibbesi by Kienbaum et al., 
(2018a) (chapter 3), in thoracotreme taxa, the musculature of the proximal podomere does not span 
as far as the distal podomere. Additionally, the second muscle that can be found in the G2 of this 
species is present in the distal podomere only. In the thoracotreme pinnotherids no musculature has 
been observed (Becker et al., 2012). However, observations were merely based on histological 
sections and an insertion of musculature from the proximal podomere to the distal podomere may 
have been overlooked (C. Becker, pers. com.). If the bipartite G2 of thoracotremes, is the result of a 
fusion of middle and distal podomere, this muscle could be homologous to the muscle that connects 
these podomeres in the tripartite G2 of heterotremes.  
5.1.3 | CONSIDERATIONS ON SPERM TRANSPORT 
In the following, with data on gonopod morphology and their musculature at hand, the 
ongoing discussion on sperm transport will be addressed. Observations of the copulation have been 
described throughout the last century (Stephensen, 1946; Hartnoll, 1969; Beninger et al., 1991; 
Brandis et al., 1999; Becker et al., 2012; Ewers-Saucedo et al., 2015). It is generally agreed upon that 
the penis extrudes the sperm by help of its musculature into the ejaculatory canal of the G1 (Ryan, 
1965; Hartnoll, 1969; Minagawa, 1993). Almost all hypotheses on sperm transport address species 
with a short G2. Here, a piston-like pumping movement of the G2 within the proximal ejaculatory 
canal of the G1 is assumed (Stephensen, 1946; Cronin, 1947; Hartnoll, 1969; Bauer, 1986; Beninger 
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et al., 1991; Diesel, 1991; Minagawa, 1993; Becker et al., 2012). These hypotheses are based on field 
and laboratory observations of copulations (Hartnoll, 1969; Elner et al., 1985) and considerations 
addressing the gonopod morphology that are based on histological sections and data from scanning 
electron microscopy (Beninger et al., 1991; Minagawa, 1993; Becker et al., 2012) or µCT-scans of 
gonopods that provide insights about the structures within the intact gonopod (Kienbaum et al., 
2017, 2018a: chapter 2, 3). 
The musculature within the tripartite G1 of heterotremes probably provides a larger range of motion 
due to the muscle that spans from the middle podomere to the distal podomere. However, this does 
not seem to affect the reproductive success of the heterotreme Potamoidea, which lack this muscle 
and the thoracotreme species with a bipartite G1. Therefore, it is probable, that the musculature 
within the G1 is foremost used to position it within the female vagina. During copulation, the most 
important and highest range of motion can probably be attributed to the pleon that is flexed 
repeatedly (Elner et al., 1985). 
Based on the similar orientation of the musculature within the G2, its range of motion is comparable. 
The additional muscle within the distal podomere of majoids led to a hypothesis on copulation by 
Beninger et al. (1991). It argues in favour of a piston-like movement of the G2 induced by pleon 
movement. He assumes the apical girdle at the tip of the G2 of majoids to act as a seal that enables 
the transportation of sperm and at the same time prevents its loss. Hereby, the seal breaks with each 
stroke through force of the muscle within the distal podomere. The structural similarities of G2 in 
Majoidea, also described in Kienbaum et al. (2017) (chapter 2) support this hypothesis. 
Still, as shown by Kienbaum et al. (2017, 2018a) (chapter 2, 3) for M. sculptus and P. gibbesi, there is 
not much space for the short G2 within the ejaculatory canal and the piston-like movement is limited. 
The very strong cuticle at the tip of the G2 of those species is contradictory to a hypothesis of Becker 
et al. (2012). Here, within the distal podomere of Pinnotheridae, a swelling of the G2 might be 
achieved through haemolymph pressure and could thereby seal the ejaculatory canal. Even though 
this is an interesting assumption it needs experimental validation. 
Morphological investigations associated with sperm transport in species with long G2 are almost 
non-existent. One major difference is the role of the G2 as the actual organ of sperm transfer that is 
introduced into the female system, while the broad G1 has a stabilizing role (Brandis et al., 1999; 
Ewers-Saucedo et al., 2015). The authors also suggested that the G2 would not perform pumping 
movements as do short G2. By contrast, Elner et al. (1985) describe the flexion of the pleon and an 
associated pumping movement of the G2 during copulation in a cancrid species with a long G2. 
Therefore, the pumping movement of male gonopods during copulation might not be correlated to 
their relative length and shape. Additionally, the transport of sperm could be realised through high 
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pressure induced by the very small space between the groove along the distal podomere of the G2 
and the ejaculatory canal of the G1 (Brandis et al., 1999). 
SETAE 
Setae and denticles on the gonopods have been assigned different roles. Depending on their 
position and orientation, setae may mechanically assist in stabilizing the insertion of the G1 and as a 
possible mechanosensory modality, may additionally assist in its correct positioning (Beninger et al., 
1991). This was agreed upon by Minagawa (1993), who suggested that pappose and simple setae act 
as contact sensors to the female abdomen and additionally, as they are positioned at the proximal 
opening for the G2, they could detect its insertion into the G1. The presence of pappose setae at the 
proximal opening for the G2 and penis has also been shown for the Majoidea M. sculptus and S. 
seticornis (Kienbaum et al., 2017: chapter 2) and the thoracotreme P. gibbesi (Kienbaum et al., 2018a: 
chapter 3). This special position leads to another possible role of pappose setae as passive 
filter/grooming structures that prevent particles from entering the ejaculatory canal and finally the 
female system. 
Chemosensory function as well as removal of competitive sperm from the female seminal receptacle 
by setae at the G1 tip has also been hypothesised by Beninger et al. (1991).  
Denticles at the tip and within the ejaculatory canal of the G1 of the majoid Inachus phalangium 
(Fabricius, 1775) have been assumed to rupture spermatophores during copulation (Rorandelli et al., 
2008). This was opposed by Sal Moyano et al. (2011) based on the location of this type of setae. 
Kienbaum et al. (2017) (chapter 2) agree that such a rupture of spermatophores is unlikely, as intact 
spermatophores were observed in the seminal receptacle of S. seticornis, a majoid species that also has 
denticles at the G1 tip (Antunes et al., 2016, 2018). Sal Moyano et al. (2011) alternatively suggested 
that these denticles support the anchoring of the G1 tip within the female system during copulation. 
A rough cuticle surface, such as the one created by the denticles at the G1 tip, could actually support 
this role. 
GONOPOD TEGUMENTAL GLANDS 
The tegumental glands can be distributed across the entire body but can also be restricted to 
a specific location (for a thorough review on tegumental glands see Talbot & Dehmers, 1993). Within 
the gonopods of male brachyurans they are termed gonopod tegumental glands. In all species 
investigated, they were positioned around the ejaculatory canal within the G1 and communicate with 
its lumen via ducts which pass through large pores (Beninger et al., 1995; Beninger & Larocque, 1998; 
Brandis et al., 1999; Becker et al., 2012). It is generally agreed that the sperm is transferred through 
the ejaculatory canal of the G1 and that all ducts of the tegumental glands lead into this ejaculatory 
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canal. The secretory cells of the tegumental glands can produce two different types of secretions, 
namely acid mucopolysaccharides (AMPS) and neutral mucopolysaccharides (NMPS) (Talbot & 
Demers, 1993; Beninger et al., 1995; Beninger & Larocque, 1998). Different functions were attributed 
to these secretes, supported by the investigation of Beninger et al. (1995) and Beninger & Larocque 
(1998). Both studies suggested a role as accessory sex glands, a hypothesis that found support by 
consecutive studies (Brandis et al., 1999; Becker et al., 2012). It is probable, that during copulation, 
the gonopod tegumental glands facilitate the transport of sperm by secreting the NMPS into the 
ejaculatory canal. Their position around the proximal opening of the ejaculatory canal conforms to 
the site of insertion of the G2. Assuming that the G2 plays an assisting role during sperm transport, 
a lubricant that reduces the mechanical wear within the ejaculatory canal would be supportive. 
The AMPS is more viscous and might be antimicrobial and constitute layers of sealants within the 
female seminal receptacle when transferred after the sperm (Johnson, 1980; Jensen et al., 1996; 
Beninger & Larocque, 1998). This is in agreement with the findings of Antunes et al. (2016) who 
found separate sperm packets delimited by acidophilic secretions in the seminal receptacle of female 
S. seticornis. Both, older and newer sperm packets contained NMPS but the ratio of AMPS varied and 
was low in older sperm packets while it was high in the fresher one. Additionally, a layer of AMPS 
separated the newest sperm packet from the others. Interestingly, when Kienbaum et al. (2017) 
(chapter 2) investigated the sperm mass within the seminal receptacle of S. seticornis, no separate sperm 
packets or any apparent sperm layering were found. Here, the seminal receptacle was filled with free 
spermatozoa only. This is probably due to the time elapsed since mating and the disintegration or 
removal of AMPS secretions with time. 
Generally, even though some functional aspects, as for example the small space for the G2 within 
the ejaculatory canal or the secretion of the gonopod tegumental glands, remain unresolved for now, 
the prevailing hypotheses associated with sperm transport in species with short G2 are mostly 
supported by the data on gonopod morphology from Kienbaum et al. (2017, 2018a) (chapter 2, 3). 
 DISCUSSION – FEMALE REPRODUCTIVE SYSTEM 
 
78 
 
5.2     | THE REPRODUCTIVE SYSTEM OF FEMALE BRACHYURA 
When Diesel (1991) proposed his theory about the dorsal and ventral type seminal receptacle, 
most of the species investigated had been commercially important Majoidea (Hartnoll, 1968; 
Beninger et al., 1988; Diesel, 1989, 1991) and some Portunoidea (Spalding, 1942; Ryan, 1965; 
Hartnoll, 1968; Johnson, 1980). Thereafter, even more studies of the majoid reproductive system 
followed (Lanteigne et al., 1996; Sainte-Marie & Sainte-Marie, 1998; Rotllant et al., 2007; Sal Moyano 
et al., 2010; González-Pisani et al., 2011; Antunes et al., 2016; Kienbaum et al., 2017: chapter 2). The 
Majoidea are large groups of approximately 800 species (De Grave et al., 2009), representing about 
10% of all brachyurans (Ng et al., 2008). They have been argued to be an early diverging lineage 
within heterotremes (Spears et al., 1992; Jamieson et al., 1995; Porter et al., 2005). However, the strict 
ventral/dorsal division of the seminal receptacle might be applicable to some majoids, but has been 
shown to be different in M. sculptus and S. seticornis in Kienbaum et al. (2017) (chapter 2). Additionally, 
as more exceptions from this “dorsal/ventral division” emerge (Calappidae: Ewers-Saucedo et al., 
2015; Cancridae: Ohrensanz et al., 1995; Jensen et al., 1996; Oh & Hankin, 2004; George, 2004; Pardo 
et al., 2013; Dorippidae: Hayer et al., 2016; Vehof et al., 2017, 2018; Leucosiidae: Hayer et al., 2014, 
2017; Ocypodidae: Lautenschlager et al., 2010), it seems most likely that the majoid seminal receptacle 
is not the blueprint for every other eubrachyuran group, but “simply” a seminal receptacle with a 
large dorsal secretory area. Unfortunately, the convenient hypothesis of Diesel (1991), who proposed 
the existence of a “storage” and a “fertilisation chamber” within the seminal receptalce of majoids, 
continues to influence the interpretation of these structures in more recent studies.  
Fortunately, more data on representatives of different heterotreme groups that probably belong to 
very early diverging lineages (Majoidea: Lanteigne et al., 1996; Sainte-Marie & Sainte-Marie, 1998; 
Antunes et al., 2016, Kienbaum et al., 2017: chapter 2; Dorippidae: Hayer et al., 2016; Vehof et al., 
2017, 2018; Ethusidae: Hayer et al., 2016) but also to groups deeply nested within the eubrachyuran 
tree (Cancridae: Pardo et al., 2013; Jensen et al., 1996; Menippidae: de Souza et al., 2017; Portunidae: 
Zara et al., 2014; Geryonidae: Pardo et al., 2017) emerge. While the character states of the heterotreme 
reproductive systems show specific variability, there is an overall tendency towards more 
morphological uniformity within thoracotremes. Still, it has now become clear that there is a much 
higher diversity in female reproductive systems than previously assumed (Fig. 5.4, 5.5). With these 
new data, it is possible to focus in more detail on character states that allow comparison between the 
eubrachyuran groups (Fig. 5.4). 
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5.2.1 | COMPARISON OF CHARACTER STATES IN EUBRACHYURAN GROUPS 
Data on the reproductive system is available for the following taxa. For an overview they are 
sorted in alphabetical order after Ng et al. (2008). In contrast to Ng et al. (2008) Hymenosomatoidea 
are considered as a thoracotreme group (Kienbaum et al., 2018b: chapter 4). Species names and 
references are listed in table 5.1. 
 
Heterotremata: 
Calappoidea – Calappidae 
Cancroidea – Cancridae 
Dorippoidea – Dorippidae, Ethusidae 
Eriphioidea – Eriphiidae, Menippidae, Platyxanthidae 
Leucosioidea – Leicosiidae 
Majoidea – Epialtidae, Inachidae, Inachoididae, Majidae, Oregoniidae 
Portunoidea – Carcinidae, Geryonidae, Portunidae 
Xanthoidea – Xanthidae 
Thoracotremata: 
Cryptochiroidea - Cryptochiridae 
Grapsoidea – Gecarcinidae, Grapsidae, Percnidae, Varunidae 
Hymenosomatoidea - Hymenosomatidae 
Pinnotheroidea - Pinnotheridae 
Ocypodoidea - Ocypodidae 
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Table 5.1 Character distribution of the complexes 1 – 5 described in fig. 5.4 in eubrachyuran females. Groups 
are sorted after Ng et al. (2008) with the exception of Hymenosomatoidea, that are considered thoracotreme 
(Kienbaum et al., 2018b). ? = no information available; - = absent; ° = the secretory tissue is lined by cuticle; 
°° = only the mono-layered glandular epithelium is described; * = the secretory tissue is absent; ** = two 
bursae; *** = the oviduct enters a separate cuticle duct and not the seminal receptacle 
group species reference 1 2 3 4 5 
Calappidae Calappa 
saussurei 
Ewers-Saucedo et al., 2015 1.1 2.1 3.1 - 5.3 
 Calappa pelii Ewers-Saucedo et al., 2015 1.1 2.1 3.1 - 5.3 
        
Cancridae Metacarcinus 
edwardsii 
Pardo et al., 2013 1.1 2.2 3.1 - 5.1 
 Metacarcinus 
magister 
Jensen et al., 1996; 
Oh & Hankin 2004 
1.1 2.2 3.1 4.1 5.1 
 Metacarcinus 
gracilis 
Ohrensanz et al., 1995 1.1 2.2 3.1 - 5.1 
 Cancer 
pagurus 
George 2004 (Diploma thesis 
in german) 
1.1 2.1 3.1 - 5.1 
        
Dorippidae Dorippe sinica Hayer et al., 2016; 
Vehof et al. 2017 
1.1 2.2 3.1° 4.1 5.2 
 Dorippe 
quadridens 
Vehof et al., 2017 1.1 2.2 3.1° 4.1 5.2 
 Medorippe 
lanata 
Vehof et al., 2017 1.1 2.2 3.1 4.1 5.2 
 Paradorippe 
granulata 
Vehof et al., 2018 - * - 4.1
** 
- 
Ethusidae Ethusa 
mascarone 
Hayer et al., 2016; 
pers. comm. Vehof 
1.1 2.1 3.1 - 5.2 
        
Eriphiidae Eriphia 
verrucosa 
George 2004 (Diploma thesis 
in german) 
1.1 2.1 3.2 - 5.3 
 Eriphia 
gonagra 
de Souza et al., 2016 1.1 2.1 3.1 - 5.1 
Menippidae Menippe 
nodifrons 
de Souza et al., 2016 1.1 2.1 3.2°° - 5.1 
Platyxanthidae Danielethus 
crenulatus 
Farias et al., 2017 1.2 2.1 3.2 - 5.2 
        
Leucosiidae Ilias nucleus Hayer et al., 2017 1.1 2.2 3.1 - 5.2 
 Persephona 
mediterranea 
Hayer et al., 2017 1.1 2.2 3.1 - 5.2 
 Ebalia 
tumefacta 
Hayer et al., 2014 1.1 2.2 3.1 - 5.2 
        
Oregoniidae Chionoecetes 
opilio 
Beninger et al., 1988, 1991, 
1993; Lanteigne et al., 1996; 
Sainte-Marie & Sainte-Marie, 
1998; Sainte-Marie et al., 2000; 
Benhalima & Moryiasu, 2001; 
1.1 2.1 3.1 - 5.2 
 Hyas araneus Hartnoll 1968 1.1 2.1 3.1 - 5.2 
 Hyas 
coarctatus 
Hartnoll 1968; 
Lanteigne et al., 1996 
1.1 2.1 3.1 - 5.2 
Inachidae Inachus 
phalangium 
Diesel 1989, 1991; 
Rorandelli 2008 
1.1 2.1 3.1 - 5.2 
Inachoididae Stenorhynchus 
seticornis 
Antunes et al., 2016; 
Kienbaum et al., 2017 
1.1 2.1 3.1 - 5.2 
 Leurocyclus 
tuberculosus 
Gonzalez-Pisani et al., 2011 1.1 2.1 3.1 - 5.2 
Majidae Maja 
brachydactyla 
Rottland et al., 2007 1.1 2.1 3.1 - 5.2 
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 Mithraculus 
sculptus 
Kienbaum et al. 2017 1.1 2.2 3.1 - 5.2 
Epialtidae Libinia 
spinosa 
Sal Moyano et al., 2010, 2011; 
Gonzales-Pisani et al., 2011 
1.1 2.1 3.1 - 5.2 
Carcinidae Carcinus 
maenas 
Spalding 1942, 
Hartnoll 1968 
1.2 2.1 3.1 - ? 
Portunidae Araneus 
cribarius 
Zara et al., 2014 1.2 2.1 3.2 - ? 
 Portunus 
sanguinolentus 
Ryan 1965 (Thesis) ? 2.1 3.1 - 5.1 
 Callinectes 
sapidus 
Hartnoll 1968; 
Johnson 1980 
1.2 2.1 3.2 - ? 
 Callinectes 
bocourti 
de Souza et al., 2016 1.2 2.1 3.1 - 5.1 
Geryonidae Chaecon 
chilensis 
Pardo et al., 2017 1.2 2.1 3.2 - 5.1 
        
Xanthidae Neopanope 
sayi 
Swartz 1978 1.2 ? 3.1 - 5.2 
 Lybia 
tessellata 
pers. obs. 1.2 2.2 3.1 - 5.2 
        
Cryptochiridae Fungicola 
syzygia 
Vehof et al., 2015 1.1 2.1 3.3 + 3.4 - 5.2 
 Opecarcinus 
cathyae 
Vehof et al., 2015 1.1 2.1 3.3 + 3.4 - 5.2 
 Pseudocryptoch
irus viridis 
Vehof et al., 2015 1.1 2.1 3.3 + 3.4 - 5.2 
        
Gecarcinidae Cardisoma 
guanhumi 
de Souza et al., 2013, 2016 1.1 2.1 3.3 + 3.4 - 5.2 
Grapsidae Goniopsis 
cruentata 
de Souza & Silva 2009; 
de Souza et al., 2016 
1.1 2.1 3.3 + 3.4 - 5.2 
Varunidae Eriocheir 
sinensis 
Lee & Yamazaki, 1990 1.1 2.1 3.3 + 3.4 - 5.2 
Percnidae Percnon gibbesi Kienbaum et al., 2018a 1.1 
*** 
2.1 3.3 + 3.4 4.1 5.2 
        
Hymenosomatidae Limnopilos 
naiyanetri 
Klaus et al., 2014; 
Kienbaum et al., 2018b 
1.1 
*** 
2.1 3.3 + 3.4 4.1 5.2 
        
Pinnotheridae Calyptraeotheres 
garthi 
Ocampo et al., 2018 1.1 2.1 3.3 + 3.4 - 5.2 
 Pinnotheres 
pisum 
Becker et al., 2011 1.1 2.1 3.3 + 3.4 - 5.2 
 Pinnotheres 
pectunculi 
Becker et al., 2011 1.1 2.1 3.3 + 3.4 - 5.2 
 Nepinnotheres 
pinnotheres 
Becker et al., 2011 1.1 2.1 3.3 + 3.4 - 5.2 
        
Ocypodidae Ucides 
cordatus 
Sant`Anna et al., 2007; 
Castilho-Westphal et al., 2013; 
de Souza et al., 2016 
1.1 2.1 3.3 + 3.5 - 5.2 
 Ocypode 
quadrata 
Lopez-Greco et al., 2009 1.1 2.1 3.3 + 3.5 - 5.2 
 Uca 
ecuadoriensis 
Lautenschlager et al., 2010 1.1 2.1 3.3 + 3.5 - 5.2 
 Uca tangeri Lautenschlager et al., 2010 1.1 2.1 3.3 + 3.4 
+ 3.5 
- 5.2 
 Uca c.f. 
forcipata 
Lautenschlager et al., 2010 1.1 2.1 3.3 + 3.4 - 5.2 
 Uca maracoani de Souza et al., 2016 1.1 2.1 3.3 + 3.4 - 5.2 
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OVARY AND OVIDUCT 
Two ovarian strands run dorso-laterally along both sides of the body and are connected by 
a bridge ventrally to the heart, resulting in an H-shaped-system. The extent and dimensions of the 
ovarian lobes is correlated with the reproductive cycle and ranges from small and thin to seemingly 
filling the entire body (de Souza & Silva, 2009). Regardless of the stage in the reproductive cycle, in 
most heterotremes investigated, the ovarian lobes are restricted to the carapace, while their extension 
into the pleon has been reported only for few representatives (Portunidae: Portunus sanguinolentus 
(Herbst, 1783) - only the right posterior lobe (Ryan, 1965), Cancridae: Metacarcinus magister (Dana, 
1852) - only the right posterior lobe (Jensen et al., 1996; Oh & Hankin, 2004), Xanthidae: L. tessellata- 
only the left posterior lobe, (pers. obs.)). Interestingly, in some majoids, including the herein 
investigated S. seticornis, the extension of both posterior lobes into the pleon seems to be linked with 
their fusion (Rotllant et al., 2007; González-Pisani et al., 2011; Antunes et al., 2016; Kienbaum et al., 
2017: chapter 2). In contrast to this, the ovaries of several thoracotreme species extend into the pleon 
but a posterior fusion of the lobes as in majoids does not occur (Becker et al., 2011; de Souza et al., 
2013; Vehof et al., 2016; Ocampo et al., 2018). 
The ovaries are not only simple sacs but are made of convoluted ducts of a mono-layered epithelium 
formed by follicle cells (Becker et al., 2011; Becker & Scholtz, 2017; Kienbaum et al., 2017: chapter 
2). Some of these ducts are filled with oogonia and early previtellogenic oocytes. They represent the 
germinative zones of the ovary. 
In some eubrachyuran groups, such as, the heterotreme Platyxanthidae (Farias et al., 2017), the 
Ethusidae (Hayer et al., 2016) and the Portunidae (Johnson, 1980) or the thoracotreme Pinnotheridae 
(Becker et al., 2011), Grapsidae (de Souza & Silva, 2009) and Percnidae (Kienbaum et al., 2018a: 
chapter 3), germinative zones are only present in the central area of the ovary, whereas in other 
species like M. sculptus and S. seticornis of the Majoidea (Kienbaum et al., 2017: chapter 2), 
Cryptochiridae (Vehof et al., 2016) and Ocypodidae (Castilho-Westphal et al., 2013) the germinative 
zones stretch throughout the ovaries in a more complex organisation and intermingle with developing 
and mature oocytes. There seems to be no apparent pattern that would allow drawing conclusions 
about an evolutionary polarity regarding the complexity of the ovaries. Additionally, ovaries are 
subject to strong morphological fluctuations due to seasonal changes in the female reproductive cycle, 
which makes them difficult to interpret. Still, the position of the oocytes within the ovary correlates 
with the developmental stage. The further advanced this stage is, the farther away from the 
germinative zones the oocytes are positioned.  
Ovary and oviduct are continuous structures. Accordingly, it can be assumed that the oviduct is not 
a separable part within the female reproductive system but represents an extension of the ovaries 
(Hard, 1942; Spalding, 1942; Hartnoll, 1968; Becker et al., 2011; Kienbaum et al., 2017: chapter 2). 
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The oviduct is a thin duct that, depending on the position of the ovaries, is either very short – as, for 
example, in Metacarcinus edwardsii (Bell, 1835) (Pardo et al., 2013) – or a long duct running along the 
length of the seminal receptacle – as, for example, in Percnon gibbesi (Kienbaum et al., 2018a: chapter 
3). The oviduct is composed of few (mostly two) cell layers. The variability of described cell shapes 
from squamous, cuboidal or columnar epithelium might be due to the reproductive cycle and 
therewith associated changes (Sainte-Marie & Sainte-Marie, 1998; Becker et al., 2011; Pardo et al., 
2013). It is embedded in connective tissue and can additionally be surrounded by musculature, as is 
the case in some representatives of Oregoniidae (Chionoecetes opilio (O. Fabricius, 1788), Saint-Marie 
& Sainte-Marie, 1998), Cancridae (M. edwardsii, Pardo et al., 2013) and Leucosiidae (Ilia nucleus 
(Linnaeus, 1758), Persephona mediterranea (Herbst, 1794), Ebalia tumefacta (Montagu, 1808), Hayer et al., 
2014, 2017) as well as in some thoracotreme Ocypodidae (Lautenschlager et al., 2010). In most cases, 
the oviduct has no apparent lumen and ends as a dead end in the multi-layered secretory tissue of the 
seminal receptacle. An open passage is only formed during ovulation (Hartnoll, 1968; Lee & 
Yamazaki, 1990; Sainte-Marie & Sainte-Marie, 1998). Secretions are present within the transition zone 
of the oviduct and the multi-layered secretory tissue of the seminal receptacle in few heterotreme 
species (Beninger et al., 1993; Vehof et al., 2017, 2018; L. tessellata, pers. obs.) and absent in 
thoracotremes. The holocrine transfer tissue that is located directly at the oviduct orifice in all 
thoracotremes and also produces secretions will be discussed below. 
THE OVIDUCT ORIFICE AND THE PROPOSAL OF A NEW CLASSIFICATION  
(CHARACTER STATES 1.1-1.2) 
Diesel (1991) distinguished two different types of oviduct orifice positions. The ventral 
position (= ventral-type seminal receptacle) was characterised as close to the vagina, while the dorsal 
oviduct orifice enters the seminal receptacle dorsally (=dorsal-type seminal receptacle) in some 
distance to the ventral vagina. With the knowledge of the last decades’ studies, it must be pointed out 
that this classification misses one additional aspect. The “ventral” oviduct orifice is not only 
positioned close to the vagina but also always connected to a multi-layered secretory tissue directly at 
the transition to the cuticle lining as it is also the case in the investigated majoids M. sculptus and S. 
seticornis (Kienbaum et al., 2017: chapter 2). Therefore, its position in the seminal receptacle depends 
on the ratio of cuticle lining vs. secretory tissue. Additionally, in most eubrachyuran species, the 
oviduct orifice is located on the ventro-medial side of the seminal receptacle and not as sometimes 
illustrated on the ventro-lateral side (McLay & Becker 2015; Hayer et al., 2016). By contrast, the 
“dorsal” oviduct orifice is positioned distant to the vagina but also widely surrounded by the multi-
layered secretory tissue without adjacent cuticle lining (Zara et al., 2014; de Souza et al., 2016; Pardo 
et al., 2017; Farias et al., 2017). Additionally, a different amount of sperm mass within seminal 
receptacles of the same species could result in a relatively variable oviduct orifice location due to its 
 DISCUSSION – FEMALE REPRODUCTIVE SYSTEM 
 
85 
 
high degree of flexibility. Thus, it needs to be stressed that both categories are not characterised by 
the location of the oviduct orifice but by the distribution of tissues in its proximity. Therefore, a new 
classification into a (1) cuticle-adjoining oviduct orifice and a (2) cuticle-distant oviduct orifice is proposed to 
express more adequately the actual structural differences. These new categories additionally avoid 
misunderstandings about the location of the oviduct orifice that might arise because of a high degree 
of cuticle-lining within the seminal receptacle. For example, McLay & López-Greco (2011) focused 
on hypotheses about reproductive success and by doing so, added the intermediate type for oviduct 
connections “somewhere in between these extremes” (of “ventral” and “dorsal-type”). This might 
be informative for theories on sperm competition or reproductive success. However, from a 
morphological point of view this third classification is of no avail, since all “intermediate” types 
correspond to the cuticle-adjoining oviduct orifice.  
In heterotreme crabs, seminal receptacles with either a cuticle-adjoining oviduct orifice or a cuticle-distant 
oviduct orifice are found. The latter type is present in all Carcinidae (Spalding, 1942), Portunidae (Ryan, 
1965; Johnson, 1980; Zara et al., 2014; de Souza et al., 2017), Geryonidae (Pardo et al., 2017), 
Platyxanthidae (Farias et al., 2017) and Xanthidae (Swartz 1978; pers. obs.) studied so far. In all 
thoracotremes, the oviduct orifice is situated in close proximity to cuticle, without any known 
example of a cuticle-distant oviduct orifice. 
SEMINAL RECEPTACLE AND BURSA 
(CHARACTER STATES 2.1-2.2; 3.1-3.5; 4.1) 
The seminal receptacle of eubrachyuran crabs is the most intriguing part of the reproductive 
system. It enables females to store sperm and use it, independently from an encounter with a male, 
for consecutive fertilisations of eggs. Due to its specific tissue properties, females can keep the stored 
sperm through moults, which uncouples the fertilisation process from copulation. 
The seminal receptacle has a straight, sac-like shape within the body cavity, one area being lined by a 
secretory tissue and the second area lined by cuticle that is continuous with the vagina. In some 
groups, the two different tissues are not horizontally orientated but longitudinally. For instance, the 
seminal receptacle of the Calappidae has a lateral–medial arrangement of the two areas (Ewers-
Saucedo et al., 2015), as is the case in representatives of Dorippidae (Hayer et al., 2016; Vehof et al., 
2017) and Leucosiidae (Hayer et al., 2015, 2017). The cancrid Metacarcinus magister (Jensen et al., 1996) 
and the xanthid Lybia tessellata (pers. obs.) also possess longitudinally orientated areas within the 
seminal receptacle. In contrast to the diverse heterotremes, all thoracotreme species investigated have 
a dorsal glandular epithelium and a ventral cuticle lining, the exception being only few representatives 
of ocypodids that have the longitudinal type of division (Lautenschlager et al., 2010). The occurrence 
in both patterns in heterotremes as well as in thoracotremes illustrates again convergent 
transformations, irrespective of the underlying phylogeny. 
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Of the two different types of lining present in the heterotreme seminal receptacle the secretory tissue 
exhibits striking tissue architecture. As it is the case in the investigated majoid species M. sculptus and 
S. seticornis, secretions are produced by an area of a multi-layered secretory tissue (Kienbaum et al., 
2017: chapter 2). Its cell layers can be divided into three different strata. The outermost anchoring 
stratum is composed of cells of the secretory tissue that intermingle with the surrounding connective 
tissue. In the middle stratum, these cells proliferate and then degenerate in the innermost stratum in 
form of holocrine secretion into the seminal receptacle lumen. The multi-layered secretory tissue 
merges into a columnar epithelium that is lined by cuticle. At the transition, cuticle folds are often 
found to protrude into the seminal receptacle lumen (Lanteigne et al., 1996; Becker et al., 2011; 
González-Pisani et al., 2011; de Souza et al., 2013; Kienbaum et al., 2017: chapter 2). 
Interestingly, another type of mono-layered glandular epithelium within the seminal receptacle of 
Portunoidea, the “modified dorsal epithelium” has been described at the transition zone between the 
ventral cuticle area and the dorsal secretory area (Johnson, 1980; Zara et al., 2014; Pardo et al., 2017). 
It has large, basally multi-nucleated, columnar cells with microvilli that release their secretions into 
the seminal receptacle lumen. In some representatives of Dorippidae (Vehof et al., 2017), Menippidae 
(de Souza et al., 2017) and Eriphiidae (George, 2004), similar cells have been described as “atypical 
columnar cells”. These cell types have also been found in Platyxanthidae (Farias et al., 2017) but are 
correlated to the reproductive cycle and depend on the amount of stored sperm. Here, in contrast to 
the “modified dorsal epithelium” and the “atypical columnar cells” of the other taxa, they are not 
situated at the transition zone of cuticle and multi-layered secretory tissue but line the secretory tissue 
itself, in close proximity to the oviduct orifice (Farias et al., 2017).  
Both, the “modified dorsal epithelium” and the “atypical columnar cells” show some similarity with 
descriptions of the mono-layered glandular epithelium in the seminal receptacle of thoracotremes 
(Becker et al., 2011; Vehof et al., 2016). However, this is probably due to convergence, because its 
position and appearance within the seminal receptacle does not coincide with the position of the 
thoracotreme mono-layered glandular epithelium. This also supports the suggestion that the binary 
subdivision of the seminal receptacle into a dorsal glandular area and a ventral cuticle-lined region 
might be too simplified. 
The seminal receptacles of all thoracotremes feature two different types of secretory tissues. The 
mono-layered glandular epithelium lines the dorsal area of thoracotreme seminal receptacles. It has 
been described as being composed of cells that can project into the seminal receptacle lumen, as for 
example in Pinnotheridae (Becker et al., 2011; Ocampo et al., 2018) or that form a smooth surface, 
as in the herein investigated percnid P. gibbesi (Kienbaum et al., 2018a: chapter 3) and hymenosomatid 
L. naiyanetri (Kienbaum et al., 2018b: chapter 4). All cells possess large, basally situated nuclei that 
might appear as several nuclei in histological section due to strong folding (Becker et al., 2011). In 
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contrast to the heterotremes studied, it is this mono-layered glandular epithelium that lines the main 
secretory area of the seminal receptacle and can be interpreted as an apomorphic feature of the female 
reproductive system in thoracotremes. In some taxa, the mono-layered glandular epithelium has been 
reported to be equipped with microvilli (Ocypodidae - Lautenschlager et al., 2010; Pinnotheridae - 
Becker et al., 2011; Cryptochiridae - Vehof et al., 2016). Unfortunately, most histological methods 
provide resolutions that do not cover the size of microvilli, which currently impedes evaluation of 
this characteristic across all thoracotreme taxa. 
The second type of secretory tissue is restricted to the oviduct orifice. The holocrine transfer tissue 
(sensu Becker et al., 2011) is multi-layered and consists of densely packed, small cells with oval nuclei. 
It sheds a holocrine secretion into the seminal receptacle lumen. Lee & Yamazaki (1990) studied the 
structural changes of the holocrine transfer tissue (coined “valve-like” tissue in their study) during 
oviposition in Eriocheir sinensis H. Milne Edwards, 1853. They proposed that the oviduct structure and 
its tissue properties at the orifice present differences when compared to heterotremes, a conclusion 
that turned out to be misguided. On the contrary, due to its position and properties, the holocrine 
transfer tissue can be homologised with the multi-layered secretory tissue that lines the seminal 
receptacle of heterotreme species (McLay & Becker, 2015; Kienbaum et al., 2018a, 2018b: chapter 3, 
4). Both tissues differ in the extension within the seminal receptacle. 
Interestingly the seminal receptacle of some thoracotreme Ocypodidae is not lined by the mono-
layered glandular epithelium but a different type of secretory tissue (Sant'Anna et al., 2007; López-
Greco et al., 2009; Lautenschlager et al., 2010; Castilho-Westphal et al., 2013). Here, the secretions 
are produced by a tissue of two to three cell layer-thickness. It has different properties to the multi-
layered secretory tissue of heterotremes but does not represent the thoracotreme mono-layered 
glandular epithelium either.  
Very few of the investigated eubrachyuran species possess an accessory cuticle-lined cavity for sperm 
storage, the bursa, as part of the female reproductive system. To date, it has only been found in the 
cancrid species M. magister (Jensen et al., 1996), all Dorippidae hitherto studied (Vehof et al., 2017, 
2018), the percnid species P. gibbesi (Kienbaum et al., 2018a: chapter 3) and the hymenosomatid 
species L. naiyanetri (Klaus et al., 2014; Kienbaum et al., 2018b: chapter 4).  
Bursae have been discussed in the context of sperm competition in M. magister by Jensen & Bentzen 
(2012). In this species, a sperm plug produced by the primary male (the first male to mate per season), 
prevents the sperm of consecutive copulations from entering the seminal receptacle but does not 
cover the genital opening and bursa. This results in sperm from secondary males to enter the bursa 
only, which is then lost during moult and not used for fertilisation. Therefore, only primary males 
from consecutive years are involved in sperm competition. Since not all of the sperm is used for 
fertilisation there is often more than one sperm packet in the seminal receptacle of multiparous 
 DISCUSSION – FEMALE REPRODUCTIVE SYSTEM 
 
88 
 
females, each from a primary male per season. Fertilisation experiments also indicate a last (primary) 
male precedence in M. magister (Jensen & Bentzen, 2012). However, these insights into sperm 
competition cannot be extrapolated to all eubrachyurans with a bursa. In fact, it may hold only for 
M. magister since the opening of its bursa is farther away from the seminal receptacle and the sperm 
plug can prevent consecutive insemination in the latter. In all other species possessing a bursa, namely 
the Dorippidae (Vehof et al., 2017), and the herein studied P. gibbesi and L. naiyanetri (Kienbaum et 
al., 2018a, 2018b: chapter 3, 4), its opening is very close to the oviduct orifice and the seminal 
receptacle. An effective separation of the bursa from the seminal receptacle via a plug seems unlikely. 
The reproductive system of Paradorippe granulata (De Haan, 1841) consists of two bursae per side and 
the oviduct orifice located between them (Vehof et al., 2018). It remains unclear if one of these bursae 
can be homologised with the bursae or the seminal receptacle of other species. However, since the 
seminal receptacle is missing in P. granulata, the bursae content must be involved in the fertilisation 
process. Thus, with the exception of M. magister, it can be assumed, that the bursa is part of the general 
sperm storage structures in eubrachyurans and in this context might take part in sperm competition. 
Another hypothesis concerning the involvement of the bursa in brachyuran reproduction is that of 
cryptic female choice (Klaus et al., 2014). There, it has been proposed that the female actively controls 
whether sperm enters the seminal receptacle or the bursa. Based on structural considerations of the 
reproductive system of L. naiyanetri, this has been questioned by Kienbaum et al. (2018b) (chapter 4). 
Cryptic female choice does not generally seem to involve the bursa, especially if sperm from the bursa 
is used for fertilisation. 
VAGINA 
(CHARACTER STATES 5.1-5.3) 
The vagina is completely cuticle-lined in all eubrachyuran species. Its diversity has been 
thoroughly investigated by Hartnoll (1968). This resulted in a classification of two different types of 
vaginae. The “simple” type is round in cross section. It can be found in Cancridae (Ohrensanz et al., 
1995; Jensen et al., 1996; George, 2004; Pardo et al., 2013), all representatives of Portunoidea 
(Spalding, 1942; Ryan, 1965; Hartnoll, 1968; Zara et al., 2014; de Souza et al., 2017; Pardo et al., 2017) 
and some Eriphiidae and Menippidae (de Souza et al., 2017). Most of the remaining heterotremes 
and all thoracotreme species have a vagina with a crescent shape in cross section (Guinot et al., 2013). 
A vagina that consists of both, an outwards crescent shape and the round shape towards the seminal 
receptacle has been found in the two investigated calappids Calappa saussurei Rathbun, 1898 and 
Calappa pelii Herklots, 1851 (Ewers-Saucedo et al., 2015) as well as the eriphiid Eriphia verrucosa 
(Forskål, 1775) (George 2004).  
One can argue that the continuance of the vagina cuticle with the sternite and the invagination of 
one side of the vagina wall inevitably resulted in the appearance of a “cover” from the outside. The 
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additional increase of cuticle thickness in this “cover” area and its decrease at its “hinge” led to a 
sometimes prominent cuticle structure that has been termed operculum. The operculum is a structure 
that closes the vagina towards the outside (Hartnoll, 1968). It is absent in the round vagina and can 
(but need not) be present in the crescent-shaped vagina (Hartnoll, 1968; Guinot et al., 2013). 
However, the subtle differences of the operculum – or “vulva cover” (McLay & Sal Moyano, 2016) 
– make this concept difficult to grasp and resulted in different interpretations throughout the 
literature (Hartnoll, 1968; Thompson & McLay, 2005; Guinot et al., 2013; McLay & Sal Moyano, 
2016). Regardless of which term is used, it remains the continuance of the inner vagina wall.  
5.2.2 | CONSIDERATIONS ON THE EVOLUTION OF THE REPRODUCTIVE SYSTEMS 
A direct connection of the ovaries and the sperm storage location is a unique character of all 
Eubrachyura (Guinot, 1977; Guinot & Quenette, 2005; but see Vehof et al., 2018) but is absent in 
other decapod species including podotreme crabs (Bauer, 1986; Minagawa, 1993; Guinot & Quenette, 
2005; Becker & Scholtz, 2017). Therefore, if the sister group to the Eubrachyura lies somewhere 
within podotremes, the formation of the spermatheca, as a result of an invagination of two adjacent 
sternites, and the separate coxal position of the gonopores can be assumed to be the ancestral state 
of the brachyuran reproductive system (Hartnoll, 1969, 1979). However, as the coxal position of the 
gonopores in podotreme groups is a plesiomorphic character, it cannot be considered as an 
apomorphy (Scholtz & McLay, 2009). 
Even though theories on the evolution of the female seminal receptacles in eubrachyurans have been 
a side-product in some studies, only two studies have thoroughly addressed this issue (Hartnoll, 1968; 
McLay & López-Greco, 2011). While Hartnoll (1968) focused on the morphological investigation of 
the female genital ducts, McLay & López-Greco (2011) took mating and growth characters as well as 
reproductive strategies into account. Authors of earlier studies used the term spermatheca instead of 
seminal receptacle (Jensen et al., 1996; López-Greco et al., 1999; Jennings et al., 2000; Lautenschlager 
et al., 2010; Becker et al., 2011). However, the spermatheca is made of two adjacent endosternites 
(7/8) that invaginate to different degrees. By contrast, the seminal receptacle lies in sternite 6. 
Therefore, a transformation from a spermatheca to a seminal receptacle would have involved the 
attachment of the laterally positioned oviduct to the medial side of the spermatheca as well as the 
segmental relocation of the spermatheca to the 6th sternite. On the other hand, the transition from 
the coxal gonopore to the sternal gonopore with the new formation of a seminal receptacle seems 
more likely because it “only” involved the transition of the oviduct from the coxa of the 6th thoracic 
appendage (= 3rd walking leg) to the sternite of the 6th thoracic segment and possibly an invagination 
of the cuticle around the gonopore opening. From a morphological point of view, a mixed use of the 
podotreme term “spermatheca” and the eubrachyuran term “seminal receptacle” would falsely imply 
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a common phylogenetic origin and should be avoided. The seminal receptacle is an apomorphy of 
the Eubrachyura and cannot be homologised with the spermatheca (Tavares & Secretan, 1993; 
Guinot & Quenette, 2005; McLay & López-Greco, 2011).  
Since the oviduct might have connected to the cuticular gonopore on the 6th sternite, it can be 
assumed that the cuticle-adjoining oviduct orifice (character 1.1) is the ancestral state. In this case, 
the cuticle-distant oviduct orifice (character 1.2) has evolved multiple times, at least once in 
Portunoidea and once in Xanthidae. 
The secretory tissue of the seminal receptacle probably originated from the oviduct. Different degrees 
of the extension of the tissue resulted in the secretory area of the seminal receptacle (characters 2.1-
2.2). This would explain the diversity of tissue distributions (secretory vs. cuticle) within the 
heterotreme groups (Figs. 5.4,5.5). Interestingly, the formation of an additional mono-layered 
glandular epithelium (character 3.2) in some heterotremes such as portunoid taxa (Zara et al., 2014; 
Pardo et al., 2017) and Eriphiidae (George, 2004; de Souza et al., 2016; Farias et al., 2017) might 
indicate a closer affiliation of these groups. The mono-layered glandular epithelium in Platyxanthidae 
has a different position within the seminal receptacle and depends on the reproductive cycle of the 
female (Farias et al., 2017). This indicates that its formation happened at least two times in 
eubrachyurans. 
The bursa (character 4.1) of some representatives of Dorippidae (Vehof et al., 2017, 2018) and 
Cancridae (Jensen et al., 1996) seems to be an apomorphy of each of these groups.  
Hartnoll (1968) concluded that the “simple” type vagina (character 5.1) represents the plesiomorphic 
character state and accordingly interpreting the “concave” type (character 5.2) as derived. The female 
gonopore is crescent shaped in the Diogenidae (Hess & Bauer, 2002) and the Galatheidae 
(Kronenberger et al., 2004). Both taxa are representatives of the Anomala, the well-established sister 
group to the Brachyura (Scholtz & Richter, 1995; Shen et al., 2013). Additionally, Becker & Scholtz 
(2017) investigated the reproductive system of the podotreme Homoloidea. Interestingly, they found 
a muscular operculum at the (crescent shaped) gonopore. 
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Therefore, the crescent shape of the gonopore possibly reflects the ancestral state of eubrachyurans 
and the assumption of a plesiomorphic round vagina (without an operculum) seems unlikely. 
Moreover, it does not take into account the distribution of the remaining and enormously diverse 
female reproductive characters within a eubrachyuran tree (Figs. 5.4 – 5.7). It seems possible that 
early diverging eubrachyurans had a short crescent-shaped vagina due to an invagination of the cuticle 
that was closed by an operculum (Fig. 5.5). This type of vagina could have undergone a 
transformation into a round vagina and the loss of the operculum as found in Cancridae (Orensanz 
et al., 1995; Jensen et al., 1996; Pardo et al., 2013), Menippidae (de Souza et al., 2017) and Portunoidea 
(Hartnoll, 1968; Zara et al., 2014; de Souza et al., 2017; Pardo et al., 2017). A close affiliation of 
Portunoidea and Cancroidea (Schubart & Reuschel, 2009) but not necessarily Menippidae (as part of 
the Eriphioidea), indicates the convergent evolution of this character within eubrachyurans. The 
vagina consisting of both a crescent-shaped area and a round area (character 5.3) as found in 
Calappidae (Ewers-Saucedo et al., 2015) and Eriphiidae (George, 2004) also evolved independently 
in these groups. The existence of both, the round vagina (Menippidae) and crescent/round vagina 
(Eriphiidae) in the Eriphioidea emphasises the possibility of a convergent evolution of the vagina 
types. 
In contrast to the heterotreme female reproductive system, the one of thoracotremes is more 
uniform. The mono-layered glandular epithelium (character 3.4) that lines the seminal receptacle has 
probably evolved once within thoracotremes and represents an apomorphy. Even though it might be 
the same type of epithelium as is present in some heterotreme representatives, it should not be 
homologised because the position and extension of these epithelia is different to the thoracotreme. 
Contrarily, the thoracotreme holocrine transfer tissue (sensu Becker et al., 2011) (character 3.3) can 
be homologised with the heterotreme multi-layered secretory tissue due to its structural properties 
and position at the oviduct orifice (McLay & Becker, 2015; Kienbaum et al., 2018a: chapter 3). 
However, it remains unclear whether the varying extent of secretory tissue in the seminal receptacle 
of heterotreme species has been reduced to the oviduct orifice in thoracotremes or if it did not extend 
in the ancestral lineage in the first place. Within the monophyletic Thoracotremata, the Ocypodoidea 
have a longitudinal division of the cuticle and the tissue within the seminal receptacle (character 2.2). 
Additionally, another type of secretory tissue lines the seminal receptacle (character 3.5) (Sant'Anna 
et al., 2007; López-Greco et al., 2009; Lautenschlager et al., 2010). Both character states set them 
apart from the remaining thoracotremes and could be interpreted as apomorphies. Unfortunately, 
the polyphyletic status of Ocypodoidea challenges this assumption (Tsang et al., 2014; Basso et al., 
2017). The structurally very similar reproductive systems of the herein investigated P. gibbesi 
(Kienbaum et al., 2018a: chapter 3) and L. naiyanetri (Klaus et al., 2014; Kienbaum et al., 2018b: 
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chapter 4) in combination with the existence of a bursa (character 4.1) might have evolved once in a 
common ancestor of Percnidae and Hymenosomatidae. 
The following scenarios of the evolution of the reproductive systems in Eubrachyura describe only a 
section of possible variants.  
In scenario 1, the character states (1.1 – 5.3) of the female reproductive system are mapped on the 
phylogenetic tree of Basso et al. (2017). Basso et al. (2017) is used because it is exemplary for 
molecular studies of brachyuran phylogeny such as Tang et al. (2017a, b) and Yuhui et al. (2017) with 
very similar results. Some of the eubrachyuran species in which the reproductive system has been 
studied are not part of this phylogenetic tree. On the other hand, many groups that lack data on 
reproductive systems are included. This challenges the interpretation of a possible evolutionary 
scenario.  
Scenario 2 is based on current phylogenetic hypotheses and on parsimonious principles. It describes 
one possibility of the evolutionary transformations of the reproductive systems of the investigated 
eubrachyurans.  
(See table 5.1. for references.) 
SCENARIO 1 (FIG. 5.6) 
The ancestral state of the female reproductive system is assumed to present a cuticle-
adjoining oviduct orifice (character 1.1). The dorsal area of the seminal receptacle (character 2.1) is 
lined by the multi-layered secretory tissue (character 3.1) and the vagina is crescent-shaped (character 
5.2).  
These characters are at least present in the majoid taxa that resolved as a monophyletic group. Since 
they represent plesiomorph characters they cannot be used to support this result. Two character 
states, the additional formation of a mono-layered glandular epithelium as “atypical columnar cells” 
or “modified dorsal epithelium” (character 3.2) and the round vagina (character 5.1), support the 
formation of a monophyletic group of Portunidae, Geryonidae, Matutidae, Leucosiidae and 
Menippidae. The monophyletic group of Portunidae and Geryonidae are supported by the cuticle-
distant oviduct orifice (character 1.2) in both groups. This character state has evolved convergently 
in Xanthidae as well. The multi-layered secretory tissue is reduced in Menippidae. The Leucosiidae 
and Matutidae resolved as a well-supported monophyletic group. The mono-layered glandular 
epithelium must have been reduced in the seminal receptacle of Leucosiidae, that is only lined by the 
multi-layered secretory tissue (character 3.1), while the vagina is crescent shaped (character 5.2). These 
character states, if present in Matutidae as well, could support the monophyly of Leucosiidae and 
Matutidae. On the other hand, the leucosiid character states could also present apomorphies of this 
group alone. Unfortunately, there is no data on the reproductive systems of Matutidae that could 
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SCENARIO 2 (Fig. 5.7): 
The ancestral state of the female reproductive system presents equally to scenario 1 the 
cuticle-adjoining oviduct orifice (character 1.1) and the crescent shaped vagina (character 5.2) (Fig. 
5.5).  
The dorsal area of the seminal receptacle is lined by the multi-layered secretory tissue (character 2.1, 
3.1) in all heterotreme taxa.  
The Majoidea are widely accepted as monophyletic (Hultgreen & Stachowicz, 2008; Mahon & Neigel, 
2008) and their position as an early diverging group within the heterotreme tree (Spears et al., 1992; 
Jamieson et al., 1995; Porter et al., 2005; Basso et al., 2017 - scenario 1) is here supported by the 
similarities of the reproductive system with the ancestral state. A close affiliation of Majoidea and 
Ethusidae has been suggested by Bracken et al. (2009). The similar character states of the reproductive 
system would support such a relationship. Unfortunately, the absence of apomorphic characters in 
the reproductive system of Majoidea and Ethusidae leads to unresolved relationships between these 
groups. Sin et al. (2009) supports the sister group relationship of Ethusidae and Dorippidae, that 
constitute the Dorippoidea. Dorippid taxa have a bursa (character 4.1) and in some species a very 
intriguing female reproductive system that differs from the Ethusidae. This could be interpreted as 
an apomorphy of the Dorippidae but is unfortunately not informative concerning possible sister 
group relationships. 
The position of Leucosiidae within the heterotreme tree is still debated (Chu et al., 2009; Tsang et al., 
2014; Basso et al., 2017 - scenario 1). The similarities of the female reproductive system with the 
ancestral state argue in favour of an early diverging lineage. However, a probable sister group 
relationship remains unresolved too.  
Based on the formation of a vagina with an inwards round shape associated with the shortening of 
the outwards crescent shaped part and the resulting formation of an operculum (character 5.3), all 
remaining investigated heterotremes could form a monophyletic group.  
Even though its internal relationships are unsettled (Martin & Davis, 2001; Karasawa et al., 2008; Ng 
et al., 2008) the Portunoidea are probably monophyletic (Bracken et al., 2009; Tsang et al., 2014; 
Basso et al., 2017). A close relationship of Portunoidea and Cancroidea has been discussed by 
Schubart & Reuschel (2009). By contrast, the Eriphioidea and its constituting groups, the Menippidae, 
the Eriphiidea and the Platyxanthidae (Ng., et al. 2008), have been resolved as polyphyletic (Tsang et 
al. 2014; Lay et al. 2014). 
Based on these phylogenetic hypotheses, the reproductive characters are interpreted as follows. All 
investigated Portunoidea, the Cancridae and the Menippidae represent heterotreme taxa with a round 
vagina and the associated loss of an operculum (character 5.1). This could represent an apomorphy.  
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The presence of the mono-layered glandular epithelium (character 3.2) supports a group of the 
Portunoidea, the Eriphiidae and the Menippidae (the latter two belonging to the Eriphioidea). The 
Portunoidea have a cuticle-distant oviduct orifice (character 1.2). The Eriphiidae have a vagina that 
is inwards round shaped and outwards crescent shaped (character 5.3) and in the Menippidae, the 
multi-layered secretory tissue is reduced and the mono-layered glandular epithelium lines the seminal 
receptacle (character 3.2*). Unfortunately, the absence of apomorphic characters in the reproductive 
system of Eriphiidae and Menippidae that would support their affiliation to Eriphioidea, lead to 
unresolved relationships between these groups.  
Taxa of the Calappoidea resolved as paraphyletic in Bracken et al. (2009) and as polyphyletic in Tsang 
et al. (2014), with varying sister group relationships. The character distribution in the investigated 
species provide no useful information to resolve this problem. 
The Xanthoidea are not monophyletic (Lay et al., 2011) and the Platyxanthidae are part of the 
polyphyletic Eriphioidea (Ng et al., 2008). The difference of character states in Eriphiidae, 
Menippidae and Platyxanthidae support a polyphyletic status of Eriphioidea. On the other hand, 
based on the formation of the cuticle distant oviduct orifice (character 1.2) and the crescent shaped 
vagina (character 5.2) a sister group relationship of the Xanthidae and Platyxanthidae could be 
supported. The mono-layered glandular epithelium in the seminal receptacle of Platyxanthidae can 
be interpreted as an apomorphy of this group (character 3.2). 
The monophyly of all Thoracotremata (Jamieson et al., 1995; von Sternberg & Cumberlidge, 2001; 
Tsang et al., 2014) is supported by the character states of their reproductive system. The multi-layered 
secretory tissue is restricted to the oviduct orifice (holocrine transfer tissue) (character 3.3) and the 
mono-layered glandular epithelium (character 3.4) lines the dorsal area of the seminal receptacle 
(character 2.1). To date it is not possible to ascertain whether the multi-layered tissue of the 
heterotreme seminal receptacle has been reduced or whether it didn’t expand in the thoracotreme 
lineage. Due to the homogeneity of the female reproductive system, the character states provide only 
limited information about evolutionary transformations. Interestingly, the Ocypodidae might be 
separated from the remaining thoracotreme species based on the existence of a different kind of 
multi-layered tissue (character 3.5) that is present in some investigated species. On the other hand, 
the Ocypodoidea are probably polyphyletic and intermingle with grapsoid taxa (Chu et al., 2009; 
Tsang et al., 2014; Basso et al., 2017). Therefore, the character state distribution in the Ocypodidae 
is not sufficient to provide any more details. 
At the moment, the Percnidae are assigned to the Grapsoidea, a group of uncertain phylogenetic 
status (Schubart et al., 2006; Schubart & Cuesta, 2010). The here investigated Percnidae (P. gibbesi. 
Kienbaum et al., 2018a: chapter 3) and Hymenosomatidae (L. naiyanetri, Kienbaum et al., 2018b: 
chapter 4) share very similar reproductive systems. This includes the presence of a bursa and an 
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oviduct that does not transit into the seminal receptacle directly but into a cuticular duct. This might 
be interpreted in favour of a sister group relationship.  
At this point, the characters of the reproductive system of eubrachyuran females can be used to test 
the affiliation of eubrachyuran taxa to either Heterotremata or Thoracotremata with some certainty. 
This has been exemplified for Limnopilos naiyanetri (Kienbaum et al., 2018b: chapter 4). Especially the 
secretory tissues that line the seminal receptacle contain a useful phylogenetic signal. Additionally, 
some characters, as for example, the cuticle-distant oviduct orifice and the round vagina provide 
important information to confirm the affiliation of species to a certain group. However, without a 
reliable brachyuran phylogeny the evolutionary transformation of the female reproductive system is 
a challenging matter. The probability of multiple convergent transformations limits the applicability 
of these characters in the context of small-scale brachyuran phylogeny.  
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6        | CONCLUSIONS 
This work provides an investigation of the existing data on the morphology of eubrachyuran 
male copulatory and female reproductive systems. It challenges some previous hypotheses and argues 
about the usefulness of characters of the male copulatory and female reproductive system for the 
understanding of their evolutionary transformation. Additionally, it provides possible scenarios for 
the evolution of the reproductive system in Eubrachyura by the definition of characters that could 
also be used in future studies. 
The investigation of the majoid species Mithraculus sculptus and Stenorhynchus seticornis challenges the 
hypothesis of the velum and its involvement in the fertilisation process. Additionally, it made clear 
that a sole division of the seminal receptacle into a dorsal and ventral chamber is a simplified 
characterisation. Both hypotheses might have obstructed the view on potential important characters 
by producing biased premises. 
Percnon gibbesi as a representative of the thoracotreme Percnidae showed a new combination of 
characters in the female reproductive systems. 
The female reproductive system of the hymenosomatid Limnopilos naiyanetri exemplifies, that these 
characters can contribute to phylogenetic investigations. Here, the combination of character states in 
males (for example: the sternal gonopore) and females (for example: the mono-layered epithelium in 
the seminal receptacle) led to the most probable answer of thoracotreme Hymenosomatidae. 
Admittedly, none of the attempts to bring a system into the chaotic phylogeny of the Brachyura was 
successful, yet and the basis of this work remains a rag rug of data presented from different 
perspectives and different approaches. To date, it is not possible to find “the evolutionary scenario”, 
because too many inconsistencies remain and too few species have been investigated. 
With the data at hand, it cannot with certainty be decided whether the Heterotremata are 
monophyletic. The male gonopods and the female reproductive system are immensely diverse and 
might have evolved through multiple pathways. Unfortunately, for now it remains unsolved at what 
point these pathways diverged. At least, the defined character states provide a rough direction of how 
they might have evolved. By contrast, the thoracotreme gonopods and the sternal position of the 
gonopore as well as the consistent characters in the female system would argue in favour of their 
monophyletic status, but this too remains an assumption based on the existing data.  
It needs additional efforts to compile the existing data as well as to create more data in great detail 
and with modern technology that might lead to the definition of additional characters. Today, the 
ongoing technological progress facilitates the use of high resolution microscopy or µCT-scans for 3-
dimensional imaging within the intact body of the animal. Additionally, a combination of 
morphological data with a thorough molecular analysis might be of use. Even though, it is important 
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to find consistencies within the system, the impulse to simplify and unify data in order to customise 
them into given hypotheses might be misleading. Therefore, a careful evaluation and consideration 
of the data without any rash conclusions in future studies is indispensable. 
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